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ABSTRACT 
The degree of carbon black dispersion is a very important 
consideration in the manufacture of rubber both in 
qual i ty control and basic research. A study has been 
made of various aspects of assessing dispersion and 
the dispersion process of carbon black in rubber. 
The main objectives of this work were: 
(1) To investigate the relationship between the light 
scattered at a fixed angle from the rubber surface 
and carbon black dispersion and hence develop and 
evaluate a new dispersion assessment system. (2) To 
determine the norm"l variations of industrial rubber 
mixing. installations, and (3) To study the effect 
of internal mixing variables on black dispersion and 
other properties of rubber. 
To achieve these goals a carbon black dispersion assess-
ment system based on an inverted Dark Field Reflected 
Light (D.F.R.L.) microscope was developed in three 
versions and successfully tested. The three versions 
differed in their degree of sophistication and automation 
and would be expected to find application ranging from 
routine quality control to research. The basic principle 
was that a rubber sample (cured or uncured) was cut 
with a new razor blade and the surface observed in 
a D.F.R.L. microscope. The light beam: from the sample 
surface is sensed by a photometer and its intensity 
was shown to be related to black dispersion. In version 
III an automatic stage driven by two stepper motors 
was designed and fitted to the microscope to perform 
object plane scanning. The photometer and the stage 
were interfaced with an Apple II microcomputer providing 
the following functions; stage control, photometer 
control, 
storage 
data acquisition, 
and resul ts output. 
statistical analysis, data 
The system was evaluated 
by taking measurements on several identically formulated 
compounds differing only in black dispersion. 
( i v) 
A general rubber goods and a tyre manufacturing install-
ation were studied. Several production batches were 
sampled at various mixing stages and subjected to black 
dispersion assessment, cure and vulcanisate properties 
measurement. Analysis of variance of the resul ts was 
accomplished with a statistical computer package desig-
nated GENSTAT Version 4.03. 
Factorial experimental designs and multivariate regress-
ion analysis techniques were used in studying the effect 
of mixing variables on black dispersion and other prop-
erties. The results are presented in the form of 
response equations and contour graphs are used to enable 
second order interactions to be readily identified. 
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CHAPTER 1 
INTRODUCTION 
1.1 PROCESSING OF RUBBER 
In the manufacture of rubber products, the com-
pounder normally incorporates several ingredients 
into the elastomer to make various desired con-
tributions to the properties of the finished 
products. 
Considering 
This 
the 
rubber products, 
is known as the mixing operation. 
whole process of manufacturing 
mixing is the most important 
probably the most variable of also stage and 
them all. Some of this variabil i ty is man-made 
and part is inherent 
carbon black into 
in the process of putting 
elastomers. Other stages 
are; mastication (breakdown of rubber), storage 
of mixed stocks, callendering, extruding and 
vulcanisation. 
The multitude of ingredients in rubber compounds 
may be classified into elastomers, cure 
reinforcing fillers, processing aids and 
aneous ingredients (1). All these must 
systems, 
miscell-
be well 
dispersed and 
mass. As a 
contributes so 
distributed within 
reinforcing filler, 
much to physical 
the compound 
carbon black 
properties and 
service life that it is almost a universal ingred-
ient in quality rubber stocks and in many low 
cost compounds. The loading of carbon black 
(2,3,4,5,) the type of black (6,7,) and its final 
degree of dispersion in the rubber matrix ( 8 ,9,) 
are important factors in processing rubber into 
an engineering material/product. 
1.2 MIXING MACHINERY 
1.2.1 Internal Mixers 
Most of industrial mixing of rubber nowadays 
is performed in internal mixers followed by 
2 
two roll mills and stock blenders. The history 
of internal mixing dates back to Thomas Hancock 
1820. The development of internal mixers since 
then is well documented (10,11,12,13,14) and 
shall not be repeated here. However, it should 
be pointed out that recent emphasis in development 
has switched from improving the design and con-
struction of the machine itself to issues of 
improving the whole mixing process through ration-
alisation of material handling systems and proper 
control of mixing cycles. A typical internal 
mixer today is represented by a Banbury Mixer 
and Francis Shaw Intermix 15) and it consists 
of a mixing chamber with two rotors equipped 
wi th wings rotating in opposite directions, 
a feed hopper for feeding the material and a 
floating weight (ram) used to confine the 
materials to the mixing region (fig. l.ll ( 16,18) 
Another important type of inte~nal mixer is 
the Werner & pfleiderer mixer. 
The operating principle of the internal mixer 
is best understood if its modes of operation 
are classified as follows: ( 18) 
I. Regions of random flow with low intensi ties 
of she~r strain rate and shear stress; to perform 
the task of incorporation and simple mixing. 
II. Regions of undirectional flow with high 
intensities of shear strain rate and shear stress; 
mainly to perform the task of dispersion, but 
also helpful in incorporation and simple mixing. 
Dispersion takes place in Region 11, in the 
narrow region between the rotor tip and chamber 
wall. The size of the clearance is of great 
importance 
andshear 
rotor tip 
for the magnitude of shear stress 
strain rate while the width of the 
is important both for the total shear 
3 
WEICiHT CYLINDER -_. 
I 
_ J 
reED MODuLE 
FLOATING WEIGHT -.- .... 
MIXING t..400lJLJ 
B(OPL.ATt 
I 
Cross Section of F270 Mixer 
(a) FARREL-BRIDGE (b) FRANCIS SHAW 
BANBURY INTERMIX 
Fig. 1.1 Internal Mixers 
(a) Farrel-Bridge Banbury 
(b) Francis Shaw Intermix 
strain and the resident time of the material in the 
high shear rate zone. Other studies 19,20,) have 
shown that the whole sickle-shaped zone in front of 
the rotor wing experiences high pressures during mixing, 
suggesting that dispersion takes place over a much 
larger region. The rest of the mixing chamber fits 
into Region I. To produce random flow 
rotors are spiralled to give a pumping, 
turning action in the axial. direction 
patterns 
rolling 
the 
or 
4 
1.2.2 Mills 
The mills consist of two horizontal roll's parallel 
to each other, separated by a space between 
them, the nip, which is adjustable. The speed 
of the two rolls are adjusted to run with a 
friction ratio, the magnitude of which depends 
upon the flow properties of the rubber. 
In the mixing operation, rubber is dropped on 
to the top of the nip and is allowed to band 
in the front roll, at the same time the nip 
is adjusted so that a rolling bank of rubber 
is formed above the nip. Mills are used today 
to mix small special compounds and to feed a 
rubber compound to a down stream process like 
a screw extruder. Also, mills are used Ln hand-
ling batch discharges from internal mixers. 
Problems related to the milling of rubber have 
been well· studied. Whi te and Tokita (24) for 
example found out that at 
rubber may refuse to enter 
stick-slip behaviour at the 
low temperatures the 
the nip and exhibit 
interface with the 
mill roll. Other problems related to the 
behaviour of the elastomers on the mills include 
the crumbling 
a smooth band 
of the rubber 
of rubber which will not form 
around the mill, the tendency 
to 'bag' and the difficulty in 
removing sticky and oily masterbatches from the 
rolls. 
1.2.3 Continuous Mixers 
Continuous mixers today are used to mix and 
extrude rubber compounds. The few types available 
are Farrel continuous mixer which is basically 
a twin-screw extruder with the screws lying 
side by side in a single barrel ( 25,) 
Tranfermix or the Shearmix. 
and the 
• 
5 
The advantages of continuous mixers are that 
high outputs may be achieved and the whole oper-
ation is relatively cleaner and may be automated. 
The high capital cost and their lack of versatil-
ity due to their non-self cleaning characteristics 
between successive batches are some of the disad-
vantages. 
1.3 INTERNAL MIXING PROCESS 
The mixing of rubber with fillers, mainly carbon 
black and other ingredients is an energy intensive 
process and involves a number of steps as shown 
in fig. 1.2. (18) 
Fig. 1.2 
SUBDIVISION 
• 
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INCORPORATING 
~ c 8 0 0 000 0 0 
<A ~ 00 0 ~ooooo 
0 0° 
~ 08
0 0 
"0°°0 0 
DISPERSION 
D
o
OgO ~ 
., 0 
• • 0 000 0 0 . 
00 • 
& 0 0 0 
0 0 
0 0 0 
SIMPLE MIXING 
Diagrammatic illustrations of the 
various steps in rubber mixing 
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(1) Subdivision of large lumps or aggregate 
to smaller ones, suitable for incorporation 
into the rubber. 
(2) Incorporation of powdered or liquid mater-
ial s into the rubber to form a coherent 
( 3 ) 
( 4 ) 
( 5 ) 
mass. Without incorporation the ingred-
ients are tumbled around in the mixer 
with little energy being spent and pract-
ically no mixing taking place. 
Dispersion involves reduction of the 
size of agglomerates to their ultimate 
size, i. e. changing 
the same 
their physical state 
while at 
primary 
is also 
mixing. 
'Simple' 
from one 
particles 
called 
mixing, 
point to 
time distributing the 
formed. This phase 
dispersive or intensive 
i.e. moving a particle 
another without changing 
its physical shape in order to increase 
randomness or entropy; also called extens-
ive mixing. 
Viscosity reduction by mechano-chemical 
breakdown of the polymer and transforming 
it to a more easily deformable and less 
elastic state. Although this phase is 
not necessarily linked with the mixing 
itself, it is significant for the proper-
ties of the mixed materials. 
Until recently the rubber mixing process was regarded 
as more of an art than science, as a result few attempts 
were made to use scientific principles to understand 
and explain the working of the internal mixer. The com-
plicated designs of mixer rotors and the unsteady nature 
"1 
of the process itself didn't help. However, 
in the recent past, the increasing cost of energy, 
capital and labour has focused attention to 
the efficient operation of internal mixers through 
process 
of the 
reviews 
to the 
a great 
optimisation and proper understanding 
process mechanics. Careful reading of 
and publications ( 18,26,27,28,29,) related 
internal mixing process now reveal that 
deal of knowledge is accumulating fast. 
For example, scale up procedures using various 
criteria ( 18,27,30,) the effect of mixing process 
variables and mixer geometry on processability 
and ultimate properties (30,31) and flow patterns 
and fluid dynamics in the various regions of 
the mixer (26,32,33,34). Other workers among 
them Bernahardt (21,) Guber (19,) Bolen and 
Colwell (22) used hydrodynamic models to gain 
insight into the working of the internal mixer. 
The most recent attempt to model dispersive 
mixing in an internal mixer is by Tadmor et 
al ( 23,) who based their model on the rupture 
of agglomerates as a rate determining step and 
predicted the mixing process from fundamental 
considerations. 
1.4 INTERNAL MIXING VARIABLES 
The main operating 
used in controlling 
process are: (8,27,35) 
(a) Rotor Speed 
(b) Fill Factor 
(c) Unit Work 
(d) Ram Pressure 
parameters and 
and regulating 
(e) Circulating Water Temperature 
1.4.1 Rotor Speed 
those most 
the mixing 
She ar stress and shear deformation are necessary 
for dispersive mixing to take place. Rotor 
8 
revolutions provide~ this shear deformation 
and the speed of the rotor element in contact 
with the rubber dictates the actual shear strain 
rates achieved in mixing, according to the follow-
ing equation: 
Ya = v/h ............... (1.1) 
where v = the velocity of an area a 
on a rotor 
h = the clearance between a 
and the chamber wall 
and Ya = shear rate at a 
In turn she ar stress is related to strain by 
the following approximation: 
where 
1 = (1. 2) 
1 = shear stress 
K and n are constants, 
n is known as a power law 
index 
Equation (1.2) shows the power law relationship 
between she ar stress and she ar rate, and hence 
increase in shear rate do not result in equal 
increase in shear stress. The situation is 
aggravated by the fact that increasing shear 
rate by increasing rotor speed results in higher 
stock temperatures which lowers the apparent 
vi scosi ty thus decreasing the shea r stress. 
This goes on to show that for a given rubber 
compound there is an optimum rotor speed for 
dispersive mixing. 
1.4.2 Fill Factor 
The fill factor is defined as the fraction of 
the free mixer volume occupied by a mixed stock. 
Several investigations have shown that fill 
9 
factors of 0.6-0.8 are conducive to efficient 
mixing of most 
space provides 
around and is 
compounds (18,36,37). The 
room for the rubber to be 
'empty' 
turned 
action. This 
necessary 
has been 
for good simple mixing 
well illustrated by 
Freakley and Wan Idris ( 32) who made visual 
studies with a transparent mixing chamber at 
different fill factors. 
Oversize batches result l.n reduced uniformity 
of the mix since part of the batch is retained 
in the throat of the machine ( 38). Undersize 
batches cannot be subjected to pressure by the 
ram and may, therefore, have slippage and long 
mixing times. 
1.4.3 Unit Work 
The concept of unit work, that is 
energy for unit batch volume, was 
the mixing 
introduced 
by Van Buskirk et al ( 27 ). They showed that 
the power used at various stages of the mixing 
cycle was a function of the degree of mixing 
that had taken place, evolved the concept of 
power profiles ( 39,) and showed that work per 
unit volume of compound to be a critical para-
meter. It related to the mixing process and 
the physical changes taking place in the rubber 
mixing cycle. They showed also that the unit 
work parameter is independant of mixer capacity 
or speed of operation, this providing a link 
between laboratory and factory Banbury type 
mixers. 
The unit work parameter now is universally accept-
ed as the best parameter to quantify the mixing 
process and as a dumping criterion (17). Other 
dumping criteria which are used or have been 
used will be described below: 
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(a) Time: The batch is dumped after a pre-
set 
the 
and 
time. This does not safeguard against 
mixer temperature 
time of addition 
effects of changes in 
does not allow for 
of compounding ingredients. 
(b) Temperature: The batch is dumped after 
a predetermined rubber temperature has 
been reached. This dumping criterion fails 
to give reproducible mixing as the mixer 
temperature varies. Also, the batch temper-
ature can not be accurately measured. 
(c) Heat History: The batch is dumped after 
a target value of the area under the temper-
ature time curve has been reached. This 
criteria also suffers from the problems 
discussed under (a) and (b) above. 
1.4.4 Ram Pressure 
Increasing ram pressure has been reported to 
decrease mixing time (40) and increase output 
of some rubber compounds (41;. Also, the improve-
ment of dispersion with increasing ram pressure 
has been reported 6,31,40,42). This positive 
contribution of ram pressure may be explained 
as follows; increasing ram pressure increases 
the contact force between the rubber and rotor 
surface, thus reducing slippage and increasing 
the critical stress for flow which then begins 
at a lower temperature. Also the high ram press-
ure decreases· the voids within the mixture thus 
encouraging intimate contact 
However, to increase the 
a point where it increases 
ment of the rubber with the 
between ingredients. 
ram pressure beyond 
the speed of engage-
rotors and maintains 
the materials in regions where they will be 
effectively mixed is unproductive and has been 
reported to result in poor mixing. 
11 
1.4.5 Circulating Water Temperature 
For the rubber to be sheared in the mixer it 
must be gripped between the rotor and the chamber 
wall and not slip or slide. This gripping is 
a function of temperature which affects the 
coefficient of friction between the metal and 
the rubber ( 43). The best temperature is the 
depending on the polymer type, 
a sufficiently high coefficient 
lowest possible, 
which will give 
of friction for gripping 
the other hand too high 
degradation during mixing 
to take place. On 
a temperature causes 
and if curatives are 
present, 
Another 
premature vulcanisation may occur. 
temperature serious problem of high 
is its degeneration of shear stress levels within 
the bulk of the stock which is necessary for 
dispersive mixing to take place. r Viscosity 
and temperature are related by the Arrhenius 
type relationship: 
n = Ae xp (E/RT) a 0 •••••••• (l. 3 ) 
where A = constant 
n = viscosity 
E = activation energy 
R = gas constant 
T = absolute temperature 
As temperature increases viscosity falls exponent-
ially, thus decreasing shear stress. 
1.5 CARBON BLACK 
The usefulness of rubber and other elastomers 
in general depends largely on the action of 
fillers such as carbon black to 
ment effects. Reinforcement 
produce reinforce-
is defined by 
Dannenberg (44) as increased stiffness, modulus, 
rupture energy, tear strength, 
cracking resistance, fatigue 
tensile strength, 
resistance and 
12 
most important, abrasion resistance. Reinforcing 
fillers in general are characterised by their 
particle size and chemical acti vi ty. For carbon 
black Gessler et al (17) identified the following 
properties: 
(1) Particle size, surface area, porosity 
(2) Aggregate structure (bulkiness) 
(3) Amount of carbon black per aggregate 
(4) Surface activity 
(5) Trace constituents 
Carbon black (oil furnace) consists of irregular 
chain-like, branched aggregates of nodular 
(particles) subunits, firmly fused together, 
thus the smallest discrete entity existing in 
rubber is always the aggregate. The extent 
of internodular fusion is commonly termed 
'structure', with 'high structure' implying 
a large number of fused particles per aggregate 
(45 ). Fig. 1.3 shows an electron micrograph of 
a typical reinforcing oil furnace carbon black 
and fig. 1.4 reveals the carbon black particle 
internal order 
concentrically 
planes. 
as a paracrystalline domain of 
arranged quasi; i -graphi tic layer 
Methods exist (46) for measuring the sizes and 
shapes for the primary aggregates and relate 
them to the properties of reinforced rubber. 
Such elaborate methods like Electron Microscopy 
and computer-automated image analysis are very 
expensive and in fact unnecessary for studying 
the effects of carbon black in rubber reinforce-
ments. For example, none of the routine methods 
for assessing the dispersion of carbon black 
in rubber, reviewed in the next chapter, measures 
the primary aggregates. 
# 
~.~ 
t '("" ... 
Fig. 1.3 
\ 
, ~ \ " 
~ ,,' ". 
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.. 
I 
:1'., . 
.. 
Transmission Electron Micrograph 
Typical Reinforcing Carbon Black 
(bar = 100 nm) 
of 
High Resolution Phase Contrast Electron 
Micrograph of Furnace Black (bar = 10 nm) 
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The full effects of carbon black and other rein-
forcing fillers will be realised only when its 
surface is thoroughly 'wetted' by the polymer 
in which it is completely dispersed. The realis-
ation of this basic fact by the rubber industry 
gave rise to a number of methods of assessing 
the degree of carbon black dispersion in rubber. 
However, these traditional methods are not sensit-
ive enough, especially at the good end of dispers-
ion, and not rapid enough to cope with the present 
day demands. Clearly the need for quantitative 
and rapid techniques for assessing dispersion 
exists, as shall be discussed in Chapter 2. 
Carbon black properties, elastomer properties 
and mixing process variables all affect black 
dispersion in rubber. Low structure, high surface 
area blacks are. difficult to disperse, because 
bound rubber cements many primary aggregates 
together. At the same time such blacks are 
quite rapidly incorporated, it is only their 
subsequent dispersion into individual structure 
aggregates tha·t is rendered difficult (45). 
High structure blacks are more slowly incorporated 
but more easily attain eventually 
degree of dispersion (13,47). A 
a satisfactory , 
high viscosity 
elastomer base develops high sheer forces and, 
therefore, conducive to better dispersion. 
1.6 AIM OF WORK 
The increasing competition in the rubber industry 
and rising energy costs is more and more 
putting rubber. processors under pressure ·to 
optimise their processes. It is now important 
more than ever to optimise black dispersion 
levels in terms of the lowest possible energy 
consumption and high process output while at 
the same time maintaining the required prop-
erties of the final composite. 
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It has been described briefly above how intang-
ible, variable and complex the mixing process 
is. Internal mixing of rubber is a batch process 
and as such it is not only necessary to optimise 
the dispersion of carbon black but also to mini-
mise the variability between batches produced. 
Both of these aspects have been subjects of 
various studies recently, some of them leading 
to the use of computers in 
ing the mixing process. 
however, in such process 
managing and controll-
What is still lacking, 
studies is a rapid 
and objective method of assessing the degree 
of carbon black dispersion and the knowledge 
of mix variability produced routinely by present 
process control techniques. 
The aim of this work is, therefore, to develop 
further a new carbon black dispersion assessment 
technique based on dark field reflected light 
(D.F.R.L. ) microscopy, and to determine the 
normal variations of industrial rubber mixing 
installations. A system of assessing dispersion 
by observing a cut surface of a rubber sample 
under a D.F.R.L. microscope and photometrically 
determining the relative amount of light reflect-
ed/scattered from the surface is developed. 
The system is developed in three versions, differ-
ing only in their degree of sophistication and 
automation, which would be expected to find 
application ranging from routine quality control 
to research. Evaluation of the new technique 
is done by mixing a series of rubber samples 
differing only in carbon black dispersion, measur-
ing their physical and rheological properties 
and determining the degree of carbon black dis-
persion by traditional methods and by the new 
technique. 
built and 
A prototype of the new system was 
made available to rubber industries 
for evaluation as well. 
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A study of industrial mixing installations is 
carried out by sampling production batches at 
various stages and measuring cure and vulcanisate 
properties and assessing carbon black dispersion. 
Analysis of variance of these results leads 
to the determination of batch-to-batch and in-
batch variability of . the mixing installation. 
The effects of some mixing process variables 
(rotor speed, mastication and dispersion unit 
energy) on carbon black dispersion and other 
properties are also studied. In this study, 
factorial experimental designs and multivariate 
regression analysis techniques are used. 
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CHAPTER 2 
DISPERSION ASSESSMENT METHODS 
Carbon black as a reinforcing filler is mixed 
into rubber to enhance its processing pro'perties 
and maximise its durability and physical properties 
However its reinforcing capaci ty cannot be fully 
realised until it is well dispersed in the rubber 
matrix. The undispersed agglomerates of black 
weaken a rubber compound by forming stress concent-
rations and by depriving other areas of the requir-
ed black concentration. Many examples are reported 
in literature ( 1 - 4 ) correlating black disper-
sion and mechanical and wear properties of rubber. 
This basic fact has long been recognised and 
over the years many methods have been suggested 
and used to assess the degree of carbon black 
dispersion in rubber. Most of these methods 
are qualititive and relatively few are quant-
ititive. In recent years however, due to mixing 
process optimisation studies, emphasis is being 
placed on rapid and quantititive assessment 
techniques. 
In this chapter 
the degree of 
various methods used in assessing 
carbon black dispersion in rubber 
briefly described. Limitations 
methods will be highlighted and 
mixes will be 
of some of the 
the theoretical bases of some stated . 
2.1 OPTICAL METHODS 
2.1.1 Simple visual methods 
The naked eye, or with 
magnifying glass, of 
the help of a hand held 
an 
has been used for a long 
quality of rubber mixes. 
experienced compounder 
time to assess the 
Poorly mixed compounds 
appear dull and rough and sometimes free lumps 
of black can be- detected, while well mixed com-
pounds have shiny finishes (5,6). Further dev-
elopments led to the use of microscopical meth-
2.1.2 
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ods. Hence, the importance of this simple meth-
od nowadays is mainly of historical nature, 
apart from the fact that it is used as an indic-
ation before using other methods. 
Light MicroscoQY 
Carbon black agglomerates are extremely 
and the most damaging ones occur in the 
of 10 llID in diameter or greater. 
that th~y can be resolved well by 
scopy at relatively low magnifications. 
Reflected Light Technigues 
This 
light 
opaque 
range 
means 
micro-
These are popular because of the simplicity of 
the specimen preparation procedure. This involves 
either looking at the surface of the stock prod-
uced or tearing or cutting a piece of the mat-
erial and looking at the exposed surface. Carbon 
black dispersion 
roughness due to 
ressions on the 
is estimated as a function of 
variously sized bumps and dep-
surface(7), caused by agglom-
erates diverting the rupture path. 
has been used by several workers 
This 
(1,7,8) 
method 
using 
mic ro 
photo,graphy with 
and has been adapted as an 
comparative 
ASTM standard 
standards 
procedure 
( 9 ) for assessing carbon black dispersion in 
rubber mixes. 
The 
lies 
faced 
field 
main problem of 
in the difficulty 
looking at .torn surfaces 
of obtaining plannar sur-
samples 
in the 
that present a uniformly focus sed 
microscope especially ~n high power 
observations. Also 
method 
the use 
highly 
of visual comparators 
subjective and poor makes this 
in resolution. Another criticism was made by 
Bussemaker (10), who noted that the method would 
not be easily applicable to stocks containing 
reclaim and allied materials, since these would 
contribute roughness irrespective of dispersion. 
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A development of Stumpe and Railsback (8) method 
~as been suggested by Person (11) in which the 
photographic element is replaced by split field 
microscopy is that the microscope is provided 
with two lenses or with an arrangement of mirrors 
or prism which is used to combine the images 
of the specimens under examination in the eye-
piece of the microscope or viewing apparatus. 
An instrument, known as the D-ispergator, based 
on this principle has been developed (12), by 
means of which the carbon black dispersion can 
be determined rapidly and accurately. The schem-
atic diagram of the Di'spergator is shown in fig 
2 • 1 • 
Projection 01 Projection of 
slandard / sample 
"'f77~~ 
/ 
( 
9 
I I 
I I EOtB @ ~~·O--
',m,,, : -:2:9- ~~Clj' 
Stondard - photographic 
slide 
Fig 2.1 Diagram of the Dispergator.(12) 
, A, sample; B, lamp; c, lamp; D, photographic 
slide. 
26 
Kadunce ( 1 3 ) reported the 'AMEDA' system for 
evaluating dispersion by reflected light observa-
tion. It involves automatic sample preparation 
(sulphur 
polishing) 
lectance 
curing and subsequent metallographic 
and image analysis. The higher ref-
of the carbon black agglomerates in 
comparison with the well dispersed rubber - carbon 
black matrix was used to detect clumps of filler. 
Although this method is highly automated, the 
complicated sample 
the difficulties of 
preparation procedure 
ebc nitizing rubber of a 
and 
low 
unsaturation level militate against it. 
Transmitted light techniques 
In these methods a beam of light is passed through 
the sample to be assessed. This implies that 
the 
2 
sample must 
)lm. Several 
be sectioned thin enough, about 
methods have been used to achieve 
this (14,15,16) According to Leigh-Dugmore 25, 
the samples are cut when frozen with liquid 
carbon dioxide, or even with liquid nitrogen 
for rubbers with very low glass transition temp-
eratures. Meth~Crylate embedding has been used 
for section cutting but freezing is preferred. 
The sections so obtained are swollen in a suitable 
solvent(xylene or naphtha) to ease spreading 
of specimen on slides and are viewed in low power 
transmitted light microscope (x70 to x 150) . 
The image obtained may be used qualit atively 
as was originally proposed by Tidmus and Parkinson 
(17), but the main advantage of this procedure 
is that quantitative results may be obtained 
by using formulae put 
( 18) and later modi f ied 
forward by Leigh-Dugmore 
by Medalia (19). Medalia 
pointed out that Leigh-Dugmore's calculations 
were based on two questionable assumpti'ons. The 
first was that the agglomerates were assumed 
to be carbon black of density 1 .86, whereas 
they were infact partly carbon black and partly 
rubber. 
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The second was that the agglomerates do not swell 
which again depends on them not containing rubber. 
A graticule with squares of 13 IJ m is put in the 
microscope ey~piece, and all black agglomerates 
occupying more than half of the graticule squa.re 
are counted.Using the following computation proced-
ure accor-ding to Medalia ( 1 9 ) , the percentage 
of carbon black dispersed is estimated. 
D = vU s / AL ...•...•••••••••••••••••. ( 2 • 1 ) 
where D = % carbon black dispersed 
S = Areal section swelling factor 
L = Carbon black (volume) % loading 
in the compound 
= (S.G. of sample) x (parts of carbon black) x 100 
1.86 x totAl carts 0~ compound 
............................. (2.2) 
u = average number of squares counted 
v= volume fraction of carbon in the agglom-
erates, taken as equal to 0.4 
A = Areal swelling factor of agglomerates 
taken as equal to S. 
Equation (2.1) improves considerably on the one 
put forward by Leigh-Dugmore (18), but still it 
yields negative values for poorly dispersed stocks. 
This technique has also been adapted as an ASTM 
(9) standard procedure. 
The main criticism of this method is that the 
sample preparation and counting of squares is 
28 
time consuming and 
skill. Further, 
requires a 
the counting 
fair degree of operator 
procedure is not 
sensitive enough to discriminate between 
ly differing levels of good dispersion 
slight-
( 20) . 
Moreover the dispersion ratings do not tell the 
entire 
85~re 
story because agglomerates 
omitted from the count, thus 
smaller than 
they do not 
permit the calculation of the total amount of 
black agglomerates, from which the amount of black 
colloidaly dispersed in the matrix could be derived. 
(21) This has been tolerated because many propert-
ies are known not to be adversely affected by 
agglomerates smaller than 85 ~\IIl2. However, Wood(22) 
has shown that microdispersion is important in 
abrasion resistance studies. Having said this 
it should be noted that this method is by far 
the best, well established all round procedure 
for routine evaluation of carbon black dispersion 
in elastomer systems. 
2.2. ELECTRON MICROSCOPY 
Electron microscopy gives much higher resolution 
than optical microscopy. It has been used for 
dispersion assessment but suffers from the fact 
that the area of the sample under examination 
is extremely small and this may lead to statistic-
ally misleading results, unless a large number 
of such areas are analysed. This calls for use 
of data aquisition and recording systems such 
as the Quan~. i '.met (23) and AMEDA (13). Trans-
mission electron microscopy (TEM) require extremely 
thin, about 100 nm thick, sections and this pres-
ents additional problems. Such thin sections 
can best be made by the use of an ultramicrotome 
to section frozen specimens. Silicone rubber 
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and polybutadiene, which have low glass trans-
ition temperatures, may be difficult to section(23}. 
Scanning electron microscopy (SEM) has the advantage 
of simple specimen preparation procedures (24), 
but needs a lot of care in making sure that spec-
imen topographical features are not confused with 
black agg lomera tes . The" agg lomera tes" seEO n in 
electron micrographs are much smaller than those 
observed under the optical microscope and are 
often the primary structures of fused carbon part-
icles rather than the aggregates of these seen 
under the optical microscope. 
2.3 MICRORADIOGRAPHY 
Micro~adiography involves the use of soft X-rad-
iation and it is an ideal method for assessing 
which are the dispersion of inorganic fillers 
composed of elements of relatively high atomic 
number. Fillers such as clay, zinc oxide and 
silica in most polymers give a good contrast due 
to their considerably higher opacity to soft X-
rays than most elastomers. However the absorption 
differential between carbon black and rubber hydro-
carbons is low hence contrast is poor. Another 
advantage micro-radiography has over optical micro-
scopy is that relatively thicker specimens can 
be used. It should be noted however that calcul-
ations of index of dispersion can be incorrect 
unless the section thickness is much smaller than 
the dimensions of the aggregates which need to 
be counted or unless special note is taken of 
the fact that projected areas are being assessed. 
2.4 OTHER METHODS 
Several other dispersion assessment methods have 
been dEv ised which, instead of monitoring the 
black agglomerates in the rubber matrix, monitor a 
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rubber compound property which is closely related 
to dispersion. It should be noted that such prop-
erties are not uniquely related to dispersion 
and so changes 1n them cannot be relied on to 
indicate changes in dispersion (25), hence results 
obtained need interpretation. However the rubber 
industry is not interested 1n black dispersion 
perse but 
of it, and 
in the adverse effects caused by lack 
this explains the popularity of these 
They may be thought of as performance test methods. 
tests. 
2.4.1 Vulcanisate Properties 
The main vulcanisate properties .which have been 
used to assess carbon black dispersion in rubber 
compounds include, tensile strength, elongation 
at break and dynamic mechanical properties. 
Tensile Strength 
Many workers (26,27,28,5,2,29,30) have shown that 
tensile strength as measured by B.S. (31), increases 
rapidly with increasing mixing time and attains 
a maximum, after which it either levels off or 
falls slightly. Another property which has been 
shown to follow the same trends is elongation 
at break (EB). Increasing mixing time increases 
the amount of black colloidaly dispersed in the 
rubber 
well 
Both 
matrix thus 
as eliminating 
enhancing reinforcement as 
large black agglomerates. 
of these factors improves tensile strength 
and elongation at break. 
Dynamic Mechanical Properties 
For small deformations in simple shear, if strain. (~ 
varies sinusoidally as 
y (t) = yosin wt ........................ (2.3) 
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then the stress will be 
o (t) = 0 sln (wt + 0) ................. (2.4) 
o 
where yo = peak strain 
00 = peak stress 
w = radians frequency 
t = time 
The stress can be decomposed into a component 
1n phase with the strain proportional to sin wt 
o 
and another component 90 out of phase proportional 
to cos wt. The total stress can then be expressed 
as; 
o = 0 0 (G' (w) sin wt + G" (w) Cos wt) 
...•.•••.•.•••.• (2.5) 
Thus defining two moduli, G' (w) and G" (w). G' 
(w) is known as the storage modulus and is a meas-
ure of energy (elastic) stored and recovered in 
cyclic deformation, G" (w) 1S the loss modulus 
and is the measure of energy dissipated as heat, 
and the ratio; 
G ' = tan 0 ......................•..... (2.6) 
G" 
is known as the loss tangent. It was noted by 
Stambaugh (32) that dynamic moduJ.us of :gilm stock 
NR was independant of vibrational amplitude while 
for filled rubber stocks, dynamic modulus showed 
a remarkable dependence on amplitude. Typical 
curves for black filled rubber are show in fig 
2 . 2 . 
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Bad dispersion 
Bad dispersion 
-l? 
ion 
(a) Amplitude (b) Amplitude 
Bad dispersion 
Good dispersion 
Fig 2.2 
~--
(c) Amplitude 
Dynamic modulus dependenceon amplitude 
for black filled rubbers (a) In-phase modulus 
(b) Out of phase modulus (c) loss tangent 
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This amplitude effect "G~. - G~ has been explained 
by Payne(33) and Payne and Whittaker (34)as being 
due to a structure breakdown of carbon black aggregates 
during vibration but Smit(35) attributed this to 
the disorption of bound rubber from the aggregates 
rather than their breakdown. It was further demo 
nstrated by Payne ( 33) that rubber/black mixes 
with poor dispersions exhibit larger amplitude 
effects than well dispersed mixes. The same trend 
was noted for out of phase modulus and phase angle. 
The reduction . G' In o~ ... - G!o the amplitude effect, 
with mixing is attributed to reduction in the extent 
of inter aggregate interaction as the agglomerates 
are broken down during mixing. These dynamic mechan-
ical properties have been used by many workers, 
(36,37,33,38,34,29) to assess carbon black disper-
sion In rubber compounds. Both Gb· G~ and 
tan c (or c at equi velent strains) have been found 
to decrease with increasing mixing time. 
2.4.2. Electrical Resistivity 
DC electrical resistivity of a rubber compound 
has been known to reflect the degree of carbon 
black dispersion (5) . Boonstra (39) studied the 
practical problems of measurement of resistivity 
on an uncured compound, bearing in mind the uneven-
ness of its surface and suggested a method which 
used coaxial electrodes as probes. The sample 
is confined in a space at an elevated temperature 
and the electrical 
the sample using 
resistivity 
a digital 
is measured 
electrometer. 
The equilibrium reading showed a strong correlation 
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both with mixing time and 
In a , imilar development 
~~bot dispersion ratings. 
Usachev et al (53) contin-
.. 
uously monitored the mixing of compounds by insert-
ing a probe into an internal mixer and measured 
the differences in electrical resistance of two 
,adjacent micro-portions of the mix. The two port-
ions were made the two arms of a bridge so that 
in the early stages of mixing there was imbalance 
in the bridge circuit and this became progressively 
less as mixing proceeded. It was found that the 
difference in resistance fell to a low, constant 
value at mixing times where the variance in the 
tensile strength of the corresponding vulcanizates 
fell to a constant level, suggesting that mixing 
was complete. Another method reported by Woods 
and Krosky (40) involved the use of a pair of needle 
probes inserted into the uncured stock one cm apart 
and measuring the resistance -by a Weston Model 
785 current tester. 
Several workers, (2,41,30,42) have indicated that 
resistivity passes through minimum as the disper-
sion is improved although they do not agree at 
what dispersion this minimum occurs. The explana-
tion for this minimum is that in the early stages 
of mixing, the black agglomerates are isolated 
with few through going paths for electrical conduc-
tion. The resistivity would be governed by the 
gaps between agglomerates. As mixing proceeds 
and the agglomerates disappear, the distance of 
separation increases, but the resistivity of the 
matrix decreases because of the increase of dispersed 
black ( 4 1 ) . The minimum in resistivity arises as 
a result of these two opposing processes. 
This method is very sensi ti ve to dispersion espec-
ially at intermediate and good ranges. It may 
be used with uncured rubber and it is influenced 
by the dispersed black unlike optical or surface 
roughness measurement method which are influenced 
by large agglomerates. 
only within a narrow 
loading (35-75 pphr) 
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However, the method works 
range 
and 
of carbon black volume 
can only be used for 
small and intermediate particle size carbon blacks. 
(41) As resistivity is influenced by both volume 
loading and dispersion, a measure of 
alone is not sufficient to determine 
resistivity 
the degree 
of dispersion. The specific gravity of the compound 
has to be determined to check on the amount of 
carbon black in the compound. Also Desganges 
et al (43) have demonstrated that vulcanisation 
increases the resisti vi ty of rubber compounds 
especially those with high resistivity. 
2.4.3 Processing Properties 
Mooney viscocity (MV), die swell and extrusion 
shrinkage are the most used processing properties 
for assessing carbon black dispersion in rubber 
compounds. Mooney viscosity (44) has been shown, 
(5,15,37,36,40,2,45) to increase at low mixing 
time and to decrease with increasing time of mixing 
in different polymer systems, the extent of the 
effect being dependent on the rubber and black 
under consideration. Tokita and Pliskin(46) in 
a generalisation for all polymers state that MV 
decreases monotomically until the second power 
peak during mixing is reached after which it levels 
off. The increase in viscoci ty during the incorp-
oration stage is due to increasing filler volume. 
As Bornstra and Medalia(2) argued, the total filler 
volume should include not only the filler but 
also rubber that is occluded within the agglomerates. 
During the dispersive stage of mixing these agg-
lomerates are broken down, ~he amount of occluded 
, 
rubber decreases and thus the filler volume decreas-
es leading to lower viscocity. 
Die swell and extrusion shrinkage are geometrically 
related entities and are associated with the visco-
elasticity of a rubber mix. Die swell is the incr-
ease in diameter of the extrudate after extrusion 
while extrusion shrinkage refer to the 
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decrease in length, by the constant volume assump-
tion. Extrusion shrinkage,~2,28) and die swell 
(26,36,45,47,48,49) have been reported to increase 
with increasing mixing time. Extrusion shrinkage 
(or die swell) is quite dependant upon the type 
and loading of carbon black. It decreases with 
increased loading of carbon black and with increased 
carbon black structure. The particle-to-particle 
forces which give rise to agglomeration augmented 
by the action of bound rubber tend to resist elastic 
properties of the extruded stock. 
2.5 SURFACE ROUGHNESS ANALYSIS 
2.5. 1 
When a rubber compound is cut with a sharp razor 
blade it leaves a surface 
of the dispersion of the 
This is due to the fact 
indicative of the nature 
filler in the polymer. 
that the carbon black 
agglomerates deflect the cut path because of their 
higher hardness relative to the surrounding matrix. 
The larger the agglomerates the rougher the surface 
generated. Few instruments have been devised to 
analyse the surface roughness of rubber samples. 
In 1945 Mooney(50) described a Rugosimeter for 
measuring the roughness of calendered rubber sheets. 
However the science of surface roughness analysis 
is well established in metal engineering industry 
( 51 ) . 
Stylus Type Tester 
Hess, Chirico and Vegvari(52,4) described a tecn-
nique which utilized a stylus type roughness tester 
to assess carbon black dispersion variations in 
rubber (cured or uncured) as a function of the 
roughness of cut surfaces. The rubber sample is 
cut with a new degreased razor blade and the freshly 
cut surface is analysed by monitoring the vertical 
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movement of a stylus traversing the surface. Surf-
ace roughness parameters are ·then related to the 
dispersion of carbon black in the rubber sample 
by computing a dispersion index ( 01 ) given by 
01 = 100 - 10 
F = roughness 
2-
exp A log(f h + B) ........ (2.7) 
-1 
where peak frequency cm. 
h = average peack height in mm. 
A and B are constants . 
. Cembrola (41) reported that a comlfsi te parameter 2 _ 
f h was adequate for evaluating dispersion and 
a dispersion index(Dl) need not be computed. Unvulc-
anised samples present special problems in cutting 
and do not show as a 
other dispersion ratings. 
strong 
This 
a correlation with 
author's experience 
is that this must at least in part 
bubbles in 
be caused by 
or unvulcanised the microscopical pores 
samples almost certainly traversed by the stylus. 
2.5.2 Dark Field Microscopy Technique 
A microscopical approach 
a measure of carbon black 
by Ebell and Hemsley(54). 
the use of a reflected 
for reflected dark field 
obtained was displayed 
or. The signal was 
on a 
also 
to surface analysis as 
dispersion was reported 
This method involves 
light microscope set up 
observation. The image 
conventional T.V. monit-
fed 
with a single 
a distribution 
line strobing 
of local light 
to an oscilloscope 
facility such tha~ 
intensities across 
the sample could be displayed. The peaks on the 
oscilloscope trace were characterised manually 
and related to black dispersion using parameters 
similar to those used by Hess (52) . This was later 
automat<=d by installing a microcomputer (Apple 
II) with appropriate interface card and software 
to vertically scan a 
number 
average lof peaks per 
scans, the mean peak 
T.V. image and output the 
vertical scan for up to 20 
and 
heights Itheir standard devia-
tion. The main advantage of this approach is 
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that the operator sees what is contributing to 
the measurement, thus pores, bubbles and unrepresent-
ative areas modified by the speciment preparation 
procedure can be avoided. The results show good 
correlation with physical properties. The simplic-
ity of this technique sparked off interest in the 
development of an equipment based on dark field 
microscopy 
This is the 
for routine assessment of dispersion. 
subject of the next two chapters. 
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CHAPTER 3 
DEVELOPMENT OF A PHOTOMETRIC TECHNIQUE 
3.1 INTRODUCTION AND SYSTEM EVOLUTION 
3.1.1 
A brief review of various techniques for assess-
ing dispersion of carbon black in rubber has 
been given in the last chapter. More extensive 
reviews have. been reported by Hess and Ford (1,) 
Ebell (2,) and Morrell (3,) and others. Most 
of these techniques are unsuitable for routine 
process control as discussed in chapter 2. 
However, work by Ebell et al (4,) and Wal ters 
et al (5,) established the potential. for a tech-
nique based on dark field reflected light micro-
scopy to analyse the image of a cut rubber surface 
as a routine process control tool for carbon 
black dispersion. This work forms the background 
of the present development and will be described 
in more detail below. 
Experience in the use of the technique described 
by Ebell et al (4,) and Wal ters et al (5,) led 
to the suggestion that dispersion analysis may 
be more easily achieved by measuring the inte-
grated brightness of a field, under similar 
light conditions. It was then decided to develop 
an alternative photometric technique to do this. 
Development work leading to the design and manu-
facture of a phototype and consequently testing 
and evaluation is reported in this chapter. 
.' . Spec1men preparat10n 
A quick and simple specimen preparation procedure 
is fundamental to the idea of a rapid routine 
technique. A method used earlier by other workers 
(6 ,7 ,8 , ) (al so see sect. 2.1 .2) was adopted. 
The sample was cut with a single edge industrial 
razor blade held firmly by a set of screws in 
a vertical holder. The original sample cutter 
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and blade holder is shown in fig. 
blade holder was itself fixed to 
3.1. The 
a standard 
rubber sample cutting equipment which moved 
the blade in a vertical plane. vulcanised rubber 
sheets about 10 mm x 20 mm x 3 mm were placed 
under the blade and with a quick downward motion 
a clean cut surface was produced. To ease levell-
ing on the microscope stage it was necessary 
to make· another cut parallel to the first cut 
surface about 4 mm away. Unvulcanised samples 
were treated similarly except that they were 
first pressed at 100°C for 4 minutes to get 
rid of bulk porosity. 
3.1.2 Dark Field Reflected Light MicroscoP¥ 
The roughness of a freshly cut rubber surface 
reflects the degree of mixing of the compound. 
In order to analyse the surface roughness, Dark 
Field Reflected Light Microscopy (D.F.R.L.M.) 
was used. The principle of D.F.R.L.M. is shown 
in fig. 3.2. A hollow cone of 1 ight is made 
to be incident on the sample surfaces, by a 
sui table arrangement of mirrors surrounding 
the objective lens. If the incident light falls 
on a smooth level surface, no scatter of the 
light beam occurs and the specularly reflected 
beam falls outside the aperture of the objective 
lens. If on the other hand, the incident 1 ight,\ 
falls on a rough surface, light scatter will 
occur and some light will pass through the object-
ive lens to contribute to image formation. 
The uneveness appears bright on a dark ground. 
The intensity and angular distribution of the 
scattered light relates to the surface roughness 
which in turn is related to the carbon black 
dispersion in the compound. The mean angle 
of incidence of the light on the surface of 
the specimen is roughly 45° to the optical axis 
of the equipment and light collection {dictated 
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by the numerical aperture objective used) is 
over an angle of 3°. In this early work a 
Reichert Zetopan microscope head was used with 
a lOOw lamp. A photograph and a block diagram 
of the system is shown in fig. 3.3 and 3.4 
respectively. 
'. 
Fig. 3.1 Original Sample Cutter and Blade Holder 
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a 
Fig. 3.2 Principle of Dark Field Reflected Light 
Microscopy 
a = stop, s = sample, 0 = objective 
.. 
Fig 3.3 Earlier System 
- ~ . 
---
'" ... 
Dark Field T.V. 
Reflected 1-__ -lCamera 
Light Micro 
-scone 
T.V. 
Control 
I----I-..j 
Text/ 
Graphics 
Monitor 
Printer 
Unit 
1----...... 
Image 
Monitor 
f---I 
rO~cillo--' 
I I 
scope I 
-- --j I 
I-----IInterface 
Board 
Micro 
Computer 
(AppleII jl--_-l 
Disc 
Drive 
Fig. 3~4 Block Diagram of the early set-up 
U1 
'" 
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3.1.3 Analysis of Image 
A Phillips television camera was attached to 
the microscope eye-piece and linked to a control 
uni t. The image was displayed on a black and 
whi te moni tor. Through the control unit the 
T.V. gain and black levels could be adjusted 
to give a good image. The image signals from 
the T.V. monitor were accepted by a microcomputer 
(Apple 11) via an interface board and the signal 
was digitised and stored in the computer memory. 
The computer software allowed 20 vertical scans 
of the T. V. image, if operated under automatic 
mode. For each scan 1 ine, the number of peaks 
(n) above a set datum is calculated, the mean 
height (h) of the peaks and 
The threshold 
their standard deviat-
ion (Oh) • level ( t) , represent-
ing the lowest intensity on the scanned line 
is also calculated. Finally, the average values 
of these parameters for the twenty scan lines 
is computed. These parameters (n ,h, 0fi and t) 
are used to characterise the image of the rubber 
surface. A record of the traces may be obtained 
from the printer and such a hard copy resulting 
from the analysis of one scan of a well and 
a poorly mixed sample is shown in figs. 3.5 
and 3.6 respectively. A typical printout of 
resul ts is shown in Table 3.1 for twenty scans. 
In general, it was established that poorly mixed 
samples give a higher mean height (n), fe'we r _-
- --~ number of peaks (n) and a higher standard 
deviation (oh) than well mixed samples. On 
the other hand samples with excellent dispersion 
gave low mean heights, few number of peaks (as 
most fell below the set datum) and low standard 
deviation. A composite parameter C = 
was used by Ebell(2)as a dispersion index. 
54 
TEST NuM8ER C600 
i I I I I I i I I11 I I I i 11 I I I I I I I I11 I 1111 
TEST rlUMBER C600 
THRESHOLD. NO'OF PEAKS. 
35 32 
MEAN HEIGHT. 
58.327 
VARIANCE. 
1(16.343 
STD DEVIATION. 
10.363 
Fig. 3.5 Print out for a well mixed sample 
·IEST tiU~i8ER C15 
11 I I III I I i I I I I I i 11 11 liI I 11 11 I I I 11. 11 
I 11 I I I I i I I I I 11 
I I 
I~ 
TE:;T NUHBER C 15 
THRESHOLD. rlO"OF PEAKS. MEAN HEIGHT. VARIANCE. STD DEVIATION. 
81 35 117.1>12 515.368 22.826 
------------------------------------------------------------------------
Fig. 3.6 Print out for a poorly mixed sample 
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TEST NUMBER NR-120 
THRESHOLD NO. OF PEAKS MEAN HEIGHT VARIANCE STD. DEVIATION 
37 24 60.052 92.566 9.669 
41 26 50.189 93.547 9.72 
32 22 64.18 98.184 9.958 
42 23 56.647 158.47 12.651 
25 27 65.986 366.785 19.247 
47 27 51. 809 203.461 14.335 
35 26 60.25 294.107 17.235 
40 29 55.027 173.692 13.244 
39 28 60.888 338.451 18.488 
43 24 48.606 106.648 10.378 
25 29 66.451 514.766 22.801 
25 27 65.724 172.238 13 .189 
35 23 58.667 315.112 17.839 
32 25 57.206 135.834 11.712 
44 24 43.724 96.562 9.875 
37 25 51 . 914 83.745 9.196 
32 26 53.102 161. 209 12.76 
38 19 49.543 113.397 10.701 
39 24 44.902 99.153 10.007 
38 26 45.838 73.453 8.613 
MEAN VALUES 
36.3 
3.1. 4 
25.2 55.535 188.515 13.735 
Typical Printout of Results 
Table 3.1 
General Observations 
The basis of this technique is that when a rubber 
sample is cut, the roughness of the surface 
so produced will reflect the size of the carbon 
black agglomerates in the rubber/carbon black 
matrix. What is required, therefore, is a rapid 
and objective method for characterising the 
topography of the cut rubber surface. However, 
it should be noted that cut surface roughness 
depends also on the polymer type, agglomerates 
and matrix hardness and dispersion of other 
ingredients. This method, therefore, would 
work well for a given rubber compound. As it 
does not give an absolute measure of dispersion 
(i.e. agglomerate size) it can not be relied 
on when testing for carbon black dispersion 
in an unknown compound. This then is the basic 
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limitation of this technique. Discussion with 
rubber firms indicated that such a technique 
may be used to assess black dispersion on a 
production line where the same compound is pro-
cessed or in process development studies where 
the effects of process variables on the degree 
of mixing are studied. In instances where several 
formulations are processed, each has to be treated 
separately. This is a vast area of application 
for this technique and it was decided to perfect 
the technique as an in-house tool for assessing 
the degree of carbon black dispersion. Repro-
ducibility of results depended very much on 
the adjustments of the black level and amplifier 
gain control knobs on the T.V. system control 
uni t. The practical adjustment of these control 
knobs required a certain amount of practice, 
since very little movement of the control knobs 
produce considerable changes in the image on 
the monitor screen and hence on system resul ts. 
This is unacceptable especially for an instrument 
intended for routine use by plant operators. 
Another observation made on the system set up 
as discussed above was that of cost. Cost would 
very much influence the acceptability of the 
system when finally it is put on the market. 
Many savings would be made if a simple close 
circuit T.V. system is used instead of the 
sophisticated one. However, adopting a simple 
T.V. system means loosing control of black level 
and gain settings as these would automatically 
be adjusted by the system circuitry, with unknown 
consequences on the results. At this juncture 
it was decided to adopt a simple close circuit 
T. V. system and design an experiment to evaluate 
the new equipment set up. It was al so decided 
to incorporate a stabilised power supply in 
the new set up to guard against line voltage 
fluctuations as such fluctuations would affect 
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the intensity of light entering the optical 
system. Another hardware improvement adopted 
was the use of an inverted microscope to ease 
the levelling of the specimen on the stage. 
This resulted in a considerable saving in testing 
time. 
3.2 EVALUATION OF ALTERNATIVE HARDWARE 
The block diagram of the improved system set 
up is shown in fig. 3.7. It should be noted 
that this is basically the same set up as that 
used by Wal ters et al (5) and Ebell (2) except 
for the hardware improvements discussed above 
(sect. 3.1.4). Operating sequences of the system 
are shown diagramatically in fig. 3.8 and the 
main programme flow diagram in fig. 3.9. 
3.2.1 Preparation of Samples of Various Degrees of 
Mixing 
A curative masterbatch of the following composi t-
ion was mill mixed. 
SBR 1502 
Zinc Oxide 
Stearic Acid 
N,N-Dicyclohexyl-2-Benzothiazyl Sulfenamide 
2,2'-Methylene bis (4-ethyl-6-tert-
butylphenol) 
Sulphur 
pphr. 
100 
6.0 
4.0 
0.6 
1.0 
4.0 
six identical weights of the masterbatch were 
taken and each mixed with 40 phr of N375 carbon 
black in a Farrel Bridge Banbury operating 
the following conditions: 
Rotor Speed 
Circulating Water Temperature (inlet) 
Specific Ram Pressure 
Fill Factor (based on chamber capacity 
and density of finished mix) 
45 rpm 
40°C 
0.46 MPa 
0.7 
Stabilised 
Power Supply 
D.F.R.L. 
Inverted T.V. Image 
Miscroscope Camera Monitor 
Fig. 3.7 Block Diagram of the Improved Set Up 
'l'ext/ 
f:;raphics 
Monitor 
lMicro Computer 
Apple II 
Disc 
Drive 
Printer 
U1 
(Xl 
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Set up Micro-
scope and 
Sample 
-.-=_-..L..f-_-=-~ - - r 
Input Test 
Details 
A Select Mode 
.-------IA = Automatic 
M = Manual 
Display 
Intensity TracE 
(VDU) Y/~ 
Computer Takes 
20 Samples 
Automatically 
Print Out 
Results 
All Operations 
Computer Controlled 
M 
Plot Wave Form 
(Hard Copy) 
Y/N 
Set Sampl~ng 
position (Left/ 
Right Shift Key 
Moves Bar 0-170 
Press Return to 
Take Sample 
Fig. 3.8 Early System Operating Sequences 
Set Cursor 
,-----1 Pas i tion 
-C-
a M 
Log Data 
Find Min. 
Black Level 
Find Peaks 
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Clear Arrays. Introduc 
-ion Initialise video 
Interface Card 
A 
and Display 
Statistical 
Analysis 
Store 
Results 
Inc. 
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The six batches prepared varied 
mixing time which ranged from 
only in Banbury 
15 seconds to 
10 minutes. This mixing procedure results in 
systematic batch to batch changes in filler 
dispersion as has been conclusively shown 
by Ebell et al (4). Other dumping criteria (see 
sect. 1.4.3) like unit work could have been 
equally used instead of mixing time. 
Testing 
To confirm that 
above differed 
the batches mixed 
in the degree of 
as discussed 
carbon black 
dispersion, it was decided to carry out a number 
of tests on properties with an established rel-
ationship with black dispersion (see sect. 2.4). 
Tests carried out on all six batches were: 
(1) Mooney Viscosity 9 
(2) Tear Energy 10 
(3) Tensile Strength 11 
(4) Elongation at Break 11 
In addition to the above tests, scanning electron 
miscroscopy (S.E.M.) was used to gain an impress-
ion of the topographical features which cause 
light scatter on the rubber surfaces prepared 
simply by cutting with a new razor blade. No 
attempt was made to measure such features. 
Dark Field Reflected Light Microscopy 
This method incorporating all hardware improve-
ments as discussed above (sect. 3.1) was used 
to assess carbon black dispersion in all six 
batches. The automatic mode (see fig. 3.9) 
was used. Repeat analysis per field were done 
to check on reproducibility of results. A X10 
objective lens with NA = 0.18 was used resulting 
in a magnification of X150 on the V.D.U. screen. 
Only cured samples were used in these evaluation 
tests. Uncured samples proved difficult to 
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cut, although when compressed "at an elevated 
temperature (see sect. 3.1.11, the cut surfaces 
had less pores but' they were distorted by com-
pression and surface smear. It was decided 
to investigate this aspect of specimen preparation 
of uncured samples separately later on. 
3.2.3 Results and Discussions 
Scanning electron micrographs (S.E.M.) of surfaces 
generated by simply cutting with a razor blade 
are shown in fig. 3.10. These micrographs show 
clearly the source of contrast observed in the 
D.F.R.L. microscope. Poorly mixed samples show 
very rough surfaces while well mixed samples 
appear smooth. In D.F.R.L. microscopy light 
is diffracted, scattered or reflected at the 
steps and bumps on the surface causing intensity 
patterns in the image on an otherwise dark ground. 
These micrographs show that rubber mixes differ-
ing only in the degree of carbon black dispersion, 
reveal different surface topography when specimens 
are prepared as discussed above. 
It can also 
a layer of 
which lie 
be seen from these micrographs that 
rubber covers the surface beneath 
carbon black agglomerates. Judging 
from the size and 
the agglomerates 
a wide range of 
shape of the bumps and valleys, 
in poorly mixed samples show 
sizes and present themselves 
in groups or clusters. 
Figs. 3.11 to 3.14 show the trend in the physical 
and processing properties with increasing mixing 
time. The response of these properties (tensile 
strength, E.B. and Mooney Viscosity) to increasing 
dispersion of carbon black has been reviewed 
in sections 2.4.1 and 2.4.3. Tear energy, fig. 
3.14 increases up to a critical mixing time 
and then drops abruptly. The initial increase 
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is due to a progressive reduction in the size 
and number of carbon black agglomerates (which 
act as stress initiating centres) and the fall 
may be attributed to the breakdown of the base 
polymer caused by long mixing times. 
Table 3.2 gives the dispersion assessment results 
from the D.F.R.L. microscope system. The number 
of peaks (n), the peak mean heights (h) and 
the composite parameter (n 2h) are plotted in 
figures 3.15 to 3.17. 
arately be used as a 
The parameters may sep-
dispersion index. The 
number of peaks n, increases up to a maximum 
of around 1 min. mixing time, then drops slightly 
and levels off at long mixing times (more than 
4 mins.). The initial increase in n may be 
due to the increasing number of agglomerates 
as mixing progresses. At this early stage of 
mixing, the polymer matrix is weak in colloidally 
dispersed black. The large bumps and valleys 
on the surface will deflect more light into 
the system hence the high intensity as represented 
by h, (fig. 3.16). As mixing progresses, agglom-
erate sizes fall and thus there will be more 
bumps and valleys in the surface, but smaller. 
The smallest ones will fall below the resolution 
of the system and 
hence the decrease 
they 
in 
will not be counted, 
n. When these resul ts 
are compared to those obtained by Ebell (2,) who 
used a sophisticated close circuit T. V. camera 
and analysed the image manually, it becomes 
evident that by using a cheap T. V. system the 
sensitivity of the D.F.R.L. microscope system 
is reduced as nand n as measured do not 
change much with mixing time. However, the 
use of a composite parameter n2 h improves 
the sensi ti vi ty slightly. Another composite 
parameter nfioF/t 
did not correlate 
as proposed by 
well with mixing time. 
Ebell (2,) 
Mixing h t 2- nhafi/t n afi n h 
Time (s) x 10 3 
15 24 108 23 117 60.0 510 
60 38 99 20 114 141.5 660 
90 34 77 23 90.4 88.8 666 
180 29 52 9 71 44.9 191 
42(, 31 52 7.8 60 51. 5 210 
600 30 52 7.0 62 48.9 176 
I 
, 
Table 3.2 Automatic D.F.R.L.M. System Results 
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This may be because the parameter t represents 
a single minimum per intensity trace. Another 
reason is the lack of sensi tivi ty of 0fi in 
the new system set up. This is most probably 
because n is very much affected by surface 
artifacts which would be excluded in manual 
analysis. It is shown in table 3.3 that 0Fi 
characterising is a very unreliable parameter for 
the surface image. When a low magnification 
is used as in this case, X150 compared to X350 
on the V.D.U. used by Ebell (2) the surface 
image is bound to be more variable even for 
well dispersed samples. 
In order to check the reproducibility of the 
system, one field per sample was analysed repeat-
edly to give five complete analyses shown in 
table 3.3. Since one analysis takes about 8 
minutes it was 
five analyses 
of parameters 
coefficient of 
decided not to 
to save time. 
n, 11 and n211 
variation V% 
take more than 
The rel iabil it Y 
is good as the 
is less than 3.5 
for all six samples representing bad to excellent 
dispersion levels. 
3.2.4 General Remarks 
In this system set up all operating controls is~ 
straight forward andleavesno room for error. 
However, the sensitivity of the system to changes 
in surface roughness is reduced. This is attrib-
uted to the use of a cheap closed circuit T.V. 
system. The analysis is performed on the whole 
image hence the need to make sure that the whole 
field of view is uniformly illuminated. Otherwise 
differences due to unequal illumination of the 
field of view may be analysed as variations in 
topographical features. Errors due to lack of 
uniform illumination may be reduced by decreasing 
the area to be analysed per field of view, keeping 
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I 15 1 60 I 90 I 180 I 420 I 600 
n 1 24 37.9 34 29.4 31 30.6 
2 23 36.8 34.15 30.8 31 30 
3 25 37.7 34.6 30 31 30 
4 25 37.45 35 30.9 31 30.5 
5 25 37.3 34.75 29.8 :loO 30.2 
11 24.4 37.42 34.5 30.2 30.9 30.24 
o. 0.84 0.407 0.4 0.65 0.71 0.25 
V% 3.4 1. 09 1.159 2.14 2.3 0.85 
Fi 1 108 98.8 76.6 51. 98 52 52.4 
2 107 98.13 75.4 55.0 51. 7 53 
3 108 95.14 73.8 54.6 51. 6 50.4 
4 110 101.1 75.8 53.7 52.3 52 
5 106 99.9 76.0 53.5 51. 8 51. 6 
11 107.8 98.6 75.5 53.8 51. 9 51. 85 
a 1.6 2.24 1. 07 1.17 0.31 0.95 
V% 1.5 2.27 1. 41 2.18 0.6 1.8 I 
.-- .--_._--- .. _-- ------
I 
1 23 20 23 9.0 7.8 7.0 I 
2 21 20.4 20 9.5 9.0 7.6 
3 20 18 19 11 10.0 5.0 
4 19 16 22 8.3 6.1 8.0 
5 21 19.5 17 8.8 6.8 6.4 
iJ 20.8 18~75 20.2 9.32 7.9 6.8 
a 1.5 1.8 2.39 1. 03 1.6 1.17 
V% 7.1 9.5 11. 8 11.1 19.9 17.3 
t 1 117 114.65 90.4 71 60 62.2 
2 116 115.8 92.2 63.3 62.6 59.6 
3 115 122.8 94.3 68.5 62.9 63.2 
4 114 117.25 92.95 68.3 63 59.9 
5 117 119.45 94.45 71. 2 62.8 56.8 
I! 115.9 11 7.98 92.85 69.0 62.3 60.3 
a 115 3.213 1. 67 2.04 1. 24 2.51 
V% 1. 29 2.72 1.8 2.96 2.0 4.16 
Table 3.3 Reproducibility of Automatic D.F.R.L.M. System 
15 
1 60 
2 58 
3 68 
4 69 
5 65 
11 64 
a 4.8 
V% 7.5 
t 1 399 
2 449 
3 475 
4 478 
5 472 
i 11 455 I 
I a 33 , 
. V% 7.3 
: 
the same sample 
This calls for a 
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60 ! 90 180 
141.5 88.8 44.9 
132.89 87.93 52.2 
135.2 88.1 48.9 
141. 8 92.9 51.1 
139.0 91. 8 47.3 
138.1 89.9 48.9 
3.93 2.29 2.91 
2.84. 2.55 5.95 
652.1 662 193 
636.2 556.1 243 
525 514.5 262.8 
517.1 627.9 201. 3 
608.3 475.6 196.9 
587.7 567.2 219.4 
62.95 77.4 31. 5 
10.7 13.6 14.4 
Table 3.3 Cont. 
size by analysing 
different approach 
the surface as shall be discussed below. 
420 600 
51. 5 48.9 
50.6 47.5 
49.2 45.7 
50.2 48.2 
45.6 49.9 
49.41 48.0 
2.31 1. 59 
4.7 3.32 
212 180.5 
232 202.8 
253 120 
156.8 211 
166.5 175.5 
204.1 177.9 
41. 5 . 35.6 
20.3 20.0 
several fields. 
in characterising 
The method of assessing the degree of carbon black 
dispersion by looking at the surface of cut rubber 
samples is not novel. What is novel here is the use 
of D.F.R.L. microscopy to enhance image contra~t and 
to quantitatively characterise the sample surface. 
Characterisation of the surface in this case is achieved 
by digitisation of the projected image into grey levels 
with the aid of a close circuit T.V. camera and computer 
(limited image analysis). The sensitivity of such 
a system then is limited by the number of gr~ly levels 
• 
it can discriminate. Cheap T. V. cameras have poorer 
resolution and have problems with response linearity. 
On 
is 
not 
the other hand, 
the extraction of 
just to enhance 
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the main goal 
image data by 
human viewing, 
of analysis 
machine and 
hence the 
simple and less costly approach should be entirely 
adequate. 
The fundamental question to be raised at this 
point, and the one which has been put several 
times during the course of this research, is 
"why pursue image plane scanning rather than object 
plane scanning in analysing the cut surface of 
a rubber sample! q Object plane scanning is an 
approach where the sample is moved mechanically 
beneath a stationary sensing device, generally 
consisting of a photocell or photomul tiplier 
tube. The magnitude of the sensor output is 
classified in relation to the different sample 
surface roughness which influence the light intens-
ity. Sensitivity is a major factor which must 
be evaluated in any instrument consideration. 
The sensitivity of image scanning is limited 
especially when cheap cameras are used as discussed 
in section 3.2, while the sensi ti vi ty of a photo-
meter based system is limited only by the photon 
statistics of the object measured and by the 
resolution of the signal digitising device. 
Another factor to be 
cost relationship. 
considered was the reliability 
A photometer is standard 
equipment in 
its technology 
microscopy 
is well 
laboratories; hence 
understood by laboratory 
personnel. On the other hand, image analysis 
systems, even in a limited form as applied here,. 
are based on complex hardware dependent technolog-
ies new to the rubber industry. As it has been 
discussed in section 3.1.4 big assessment errors 
may be attributed to operator error in adjusting 
the black level and amplifier gain control knobs 
on a sophisticated close circuit T.V. camera. 
·The cost of a photometer is low, even the cost 
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of a photomultiplier tube with the necessary 
controls is lower than the cost of a sophisticated 
close circuit T. V. system and the microcomputer. 
The 
like 
cost 
the 
of a standard 
Quantirriet is 
image analysis system 
very much higher (and 
grey .l eve 1 resolution is comparatively poor). 
Previous workers (2,5) have shown that a photo-
meter based system could be used to assess the 
degree of carbon black dispersion in rubber. 
Rubber firms who were involved in these discussions 
(12) recommended the use of a photometer based 
system. Hence, based on this experience and 
on considerations of sensitivity, cost and rel-
iability; a photometer based system appeared 
to be a better technique than image analysis. 
It was then decided to develop the system, build 
a prototype and evaluate it. 
3.3 PHOTOMETRIC SYSTEM 
The basic principle of this approach is that 
the light scattered/reflected from a small area 
of a sample surface is sensed by a photometer 
and quantified. The area sensed may be made 
small compared to the area imaged by the micro-
scope. Subsequent assessment is done by mechanic-
ally moving the sample and placing another area 
directly below the sensor. This ensures that 
a small area of the sample is always under the 
same optical conditions. 
The main objectives were to develop a system 
which may be used for routine assessment of carbon 
black dispersion. It should have increased 
sensitivity especially in well to excellent dis-
persion ranges. The cost of the system should 
be kept low, though the development of a more 
sophisticated version for research purposes was 
not ruled out. To meet these objectives it was 
decided to' develop the system in three versions, 
differing only in the degree of sophistication, 
79 
automation and hence cost. Each of the three 
versions will find application in different areas 
from routine industrial use to research work. 
It was also decided to build a prototype of the 
system and have it evaluated by rubber firms. 
3.4 VERSION I 
The configuration of 
dispersion 
in fig. 
assessment 
3.18. All 
h h 0 . b bl k t e p ot:metr~c car on ac , 
system developed is shown 
the hardware improvements 
made so far (see section 3.1.4) were retained. 
In this case the close circuit T.V. camera is 
used for viewing the sample surface only .. This 
was found necessary in order to reduce the strain 
on the operator by not having to look down the 
microscope all the time. 
T.V. 
ICamera 
Photometer 
4~ ~\ 
t..: 11-1. 
~ ~ 
L.V. 
Stabilised 1~ Power Supply 
~. 
Sample 
:i: Image 
III 
Monitor Light 11' 
, I 
Source ~.I / 
" 
/ 
D.F.R.L. Inverted Microscope 
Fig. 3.18 Block Diagram of Version I 
1 = sample, 2 = mirror, 3 = push button 
4 = photocell 
00 
Cl 
'11 
Fig. 3.19 Photometric System: Vet'sion I 
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3.4.1 Version I - Prototype 
Right from the start of this part of the research 
it was decided to build a prototype of the equip-
ment and have it evaluated by rubber product 
manufacturing firms. Fig. 3.19 shows a photograph 
of the prototype of version I built. The micro-
scope, photocell and the T.V. camera were enclosed 
in a box to protect them from the industrial 
atmosphere. The inside of the box was given 
a slight positive pressure (compared to the out-
side) by means of a fan to ensure that particles 
like carbon black do not reach the equipment. 
A specially designed photometer was used. Figure 
3.20 shows the circuit diagram of the photometer 
assembly unit and table 3.4 gives the main parts 
list for the unit (13). 
3.4.2 Improved Specimen Preparation 
Attempts were made to further improve the specimen 
preparation procedure discussed in section 3.1.1. 
The present photometric system requires a freshly 
cut surface, free from knife marks, smear dust 
and especially in uncured samples, distortions 
due to compression. Figure 3. 21a shows a photo-
graph of an improved specimen cutter used. It 
is an adapted metallurgical specimen mounting 
press, fitted with a wing nut assembly for quick 
change of a single edge razor blade. A piece 
of the rubber under investigation approximately 
2-5mm thick by 5-20mm wide is placed horizontally 
below the blade and cut. The cut surface is 
placed downwards and levelled in a spring loaded 
holder jig (fig. 3.21b) by lightly pressing it 
against the levelling anvil (fig. 3.21c). When 
the sample holder is located on the microscope 
stage, the specimen is level and only a small 
focussing adjustment is necessary. Uncured samples 
are hardened by first coo1ing them by immersion 
in methanol at ··35°C. Residual methanol on the 
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COMPONENTS 
RESISTORS POTENTIOMETER 
R 1 4.7K RVl lOK 
R2 4.7K RV2 lOK 
R3 91K RV3 4.7K 
R4 2K RV4 lOK 
RS lOK 
R6 20K 
R7 20K 
R8 91K 
R9 91K 
R10 4.7K 
RH 33K 
R12 lOOK 
R13 4.7K 
R14 68K 1% 
R1S lOK 1% 
CAPACITOR MISC. 
Cl 4700uF ICl 79L012 
C2 470QuF IC2 78L012 
C3 O.22uF IC3 747 
C4 0.47uF Brl silicon bridge 
CS 4700uF rectifier 
C6 4700uF FSl fuse 
C7 O.22uF Tl transformer 
C8 O.47uF 12-0, 12 0, 6VA 
ILPl l2v lamps 60mA 
ILP2 l2v lamps 60mA 
Ml meter lOOmA FSD 
LDR ORR 12 
DIODES Sl S.P.S.T. 
Dl OA9l S2 D.P.D.T. 
D2 OA9l 53 D.P.D.T. 
SKTl Din 3 Pin 
SKT2 Min. 3 Pin Mains 
Table 3.4 Component List for Photometer Unit 
c 
b 
Fig. 3.2I Specinlen cutting/holding jig 
a:::<:utter,b=holrler,c.=levelling anvil 
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specimen appears to "aid the production of a 
clean cut. This procedure for uncured samples 
eliminated the problem of surface distortion 
discussed in section 3.2.2. Other methods of 
specimen 
included 
preparation 
the freezing 
were inve~tigated. 
of the sample (by 
it in liquid nitrogen) and breaking it. 
These 
dipping 
This 
tended to produce relatively smoother surfaces, 
thus defeating the purpose of the experiment, 
furthermore it was difficult to control the 
way the sample broke up in order to produce 
a flat plane surface. The other method involved 
the cutting of the sample under tension. The 
sample was fixed" in specially designed jaws 
and pulled (30% elongation) then cut. The surface 
produced was very concave and focussing was 
impossible. Thus the cutting of the sample 
with a new razor blade was the only ._. sample 
preparation procedure. It was noted however 
that each blade may be used to cut 2-5 times 
without introducing noticeable errors, depending 
on the hardness of the compound being cut. 
3.4.3 Standard Surface and Calibration 
To ensure the repeatability of the system set 
up it was decided to use a standard surface. 
Measurement would be made on the standard surface 
and the lamp current adjusted until a pre-set 
value is registered. Many particles and surfaces 
were investi9ated for use as standards. Among 
them gold particles, diffraction gratings and 
exposed photographic films. An exposed and 
developed photographic film (Ilford FP4) was 
found to be a good "standard" surface, and could 
easily be prepared and specified. The silver 
grain size gives scattering characteristics 
which are similar to those of cut rubber surfaces. 
Incidentally, the grain sizes of the photographic 
film are affected by the developing time and 
3.4.4 
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by the temperature 
er, the fixer and 
difference between the develop-
the water bath (14), hence 
both 
have 
these 
the temperature 
to be closely 
"standards". 
and the developing time 
controlled when preparing 
The specifications for the 
standard used are given in Table 3.5. Calibration 
is achieved by taking a number of measurements 
on film standard and adjusting the stabilised 
lamp current to 
of about 65%. 
experience and 
the photometer 
a reading range 
persions. 
give a photometer output reading 
The reading of 65% is based on 
ensures that for most compounds 
output reading will be within 
both for bad and excellent dis-
Table 3.5 Film "Standard" Specifications 
Film Type Ilford FP4 ASA125 D.IN22 
'" 
Dev. Time 6 mins. 
Bath Temp. 21°C 
°Eeration 
Operation of Version I is completely described 
in Appendix A, which gives a set of operating 
instructions which were prepared and sent to 
the companies participating in the evaluation 
of the prototype of Version I. 
3.4.5 Evaluation 
Samples discussed in section 3.2.1 were used 
in evaluating the performance of Version I. 
The resul ts of the eval ua tion are shown in' fig. 
3.22. At low mixing times the system is less 
discriminating. The sensitivity increases con-
siderably in the mixing time range 45-200 seconds. 
In this range the physical properties have been 
shown (see figs. 3.11-3.14) to be changing rapidly 
and practical industrial mixing falls within 
this range. At high mixing times the sensi ti vi ty 
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Fig. 3.22 Photometer Reading -v- Mixing Time (Version I) 
decreases. A precise analysis of the light/specimen 
interaction at the rubber surface is difficult and is 
only outlined here. Since rubber covers the carbon 
black agglomerates then the reflection and edge diffract-
ion behaviour will be that appropriate for dialectrics. 
Difficulties in analysis arise because of the large 
size range of the surface structures and the fact that 
these straddle the wavelength of the radiation used. 
Certainly in the case of poor dispersion showing the 
corresponding large surface features, the dominant 
• 
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effect will be reflection from inclined surfaces. 
Bearing in mind the geometry of the system, 
we are clearly predominantly concerned with 
light reflected through an angle close to 45°, 
that is, with parts of the surface making an 
angle of around 22° to the normal· to the plane 
of the specimen. Since the surface features 
are generally rounded, rather than faceted, 
such a single measurement might reasonably be 
expected to correlate with other measures of 
gross roughness ( 17) . 
At the other extreme, structures small compared 
with the wavelength of light will act as scatter-
ing centres. The intensity of backscatter as 
a function of wavelength is complex, especially 
when the size of the scattering centres is compar-
able with the wavelength. 
As dispersion improves so the· average size of 
the scattering centres decreases but their number 
increases. We should not therefore expect the 
intensity of backscattered light to decrease 
monotonically with improving dispersion. Indeed 
it has been observed when examining samples 
with exceptionally well dispersed carbon that 
the recorded light intensity can be just detect-
ably higher than for less well dispersed samples. 
However, the ambiguity that could result from 
such scattering behaviour is unlikely to be 
of practical significance since the degrees 
of dispersion 
would normally 
which do not 
involved are beyond those which 
be acceptable commercially and 
profoundly influence properties. 
In the range of measurement for 'normal' compounds 
the size range of surface features is such that 
both mechanisms are probably in operation. 
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3.4.6 Evaluation 'by Industry 
The prototype of Version I was made available to 
the following three rubber firms for evaluation. 
(1) Dunlop Ltd. 
(2) B.T.R. Ltd. 
(3) Avon Rubber Company 
In general all three firms were satisfied with 
the performance of the prototype. The main 
weaknesses of the system were identified as 
the short term drift in the photometer electronic 
circuitry and mechanical instability of the 
push-button mechanism (no. 16 fig. 3.19). 
Few selected company evaluation results will 
be discussed in detail below. In my opinion 
these will suffice in clarifying all the issues 
raised during the whole evaluation exercise. 
Table 3.6 gives the summary of one of the evaluat-
ion results. 
Each formulation tested gave its own character-
istic value, which could be used as a parameter 
for controlling qual i ty. Significant departures 
from these values would indicate off-specification 
material. Control values would have to be deter-
mined by measurement of a number of production 
mixes. 
ulated 
limited 
of the 
clearly 
only on 
All the coefficients of variation calc-
(see table 
evidence 
system is 
that the 
the type 
3.6) 
suggest 
good. 
lie below 
that the 
Table 3.6 
5.7%. This 
reI iabili ty 
also shows 
system results 
of polymer and 
do not depend 
black used but 
also on other ingredients. The system, however, 
failed to detect a difference between two lab-
oratory batches of the standard fluoroelastomer 
shaft seal material B. One had been mixed to 
give good dispersion, whilst the other had been 
mixed to give poor dispersion. Both record-
ed a value of 76% on the system panel. This 
is due to the generally high white filler content 
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Table 3.6 Company Evaluation - Results A 
Compound Ref. Mean No. of Std. 
Value P.R. Readings N Deviation 
(CV%) 
A 78.15 39 2.9 (3.7) 
B 73.83 51 4.2 ( 5 . 7 ) 
B (Good Dispersion) 76.0 15 2.1 ( 2 .8) 
B (Poor Dispersion) 76.4 3 3.5 ( 4 . 6 ) 
C 71 3 -
D 64 3 -
E 74 3 -
F 85 3 -
G 48 3 -
Ref. Composition 
A 
B 
C 
D 
E 
F 
G 
Carbon black filled Nitrile rubber (N.B.R.); 
no white filler. 
Fluoroelastomer containing substantial amount 
of white filler. (Laboratory batches with 
good and poor filler dispersion were also 
prepared from this compound). 
Carbon black filled high Nitrile (N.B.R.) . 
Carbon black filled low Nitrile (N.B.R.) . 
Carbon black filled 0 ring material. 
N. B. R .. seal material. 
Wear-resistant N.B.R. 
of fl uoroelastomeric material s. It appeared that the grey 
colour of the mix was the dominant factor in determining 
the dispersion value, rather than the actual dispersion. 
This system is based on the evaluation of topographical 
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features of a cut rubber surface. In rubber 
samples with high content of white fillers, light 
is diffracted, scattered and reflected from 
beneath the surface as well, giving misleading 
resul ts. The agglomerates of white fillers also 
contribute to surface roughness, un respective 
of carbon black dispersion. From this theoretical 
consideration and the evidence provided above 
it may be categorically stated that the system 
should not be used in compounds with high contents 
of white fillers or coloured compounds. One 
of the features of the system verymuch appreciated 
was the use of a close circuit T.V. camera to 
ease operation fatigue and visually assess dispers-
ion. A standard for each material could be record-
ed (e.g. using a Polaroid camera) and serve as 
a valuable back-up to quantitative dispersion 
value of subsequent batches. 
Table 3.7 gives a summary of a second set of 
company resul ts. In this evaluation, a convent-
ional Sutol 1502/50 pphr. N330 black compound 
was Banbury mixed and then divided into portions 
which were given (1,2,4,6',12 and 24) passes 
through the mill, to give progressively improving 
filler dispersion. This compound was examined 
"as milled", pressed up, 
persion % ratings given in 
by ascribing Cabort chart 
and cured. Cabort dis-
the table were obtained 
ratings from microtomed 
sections to each sample and 
age dispersion from the 
chart. The quantitative 
estimating the 
data provided 
method was 
percent-
on the 
not used 
as it is very time consuming and unreliable when 
used for very poorly dispersed materials. 
Although the Cabort dispersion % ratings as given 
in table 3.7 are very approximate they indicate 
improved dispersion in samples after 6 passes. 
The 1-, 2-, and 4- pass samples are very poorly 
dispersed and indistinguishable 
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from one another, while 6-, 12- and 24 pass 
samples show very significant differences between 
them. Exactly the same trend is shown by the 
system results (PR for cured samples). It is 
clear from these results also that the system 
is insensitive in the very poor dispersion range, 
confirming the observation made earlier in section 
3.4.5. No statistically significant trend was 
observed in the system results for pressed up 
samples. This may be due to inconsistency in 
the pressing up procedure and/or unequal recovery 
after press up. Resul ts for the milled compound 
show proven dispersion only after 24 passes. 
It is my opinion that if the new sample preparat-
ion 
in 
procedure, for 
section 3.4.2, 
uncured samples, 
had been used 
as described 
the results 
would have been more discriminating.· 
Figure 3.23 shows a graph of the system results 
-v- log (particle size °A). The samples were 
prepared from Butyl compounds containing 50 
pphr. of blacks ranging from NllO (19nm particle 
size to N990 (500nm). All seven samples had 
rceived the standard mixing procedure and all 
were 
the 
cured. It 
photometer 
is seen, from the graph that 
reading (PR system resul ts) 
increases with increasing black particle size. 
Passes 
Through 
Mill 
1 
2 
4 
6' 
12 
24 
Table 3.7 Company Evaluation Results - B 
* Cured Pressed Up Milled 
Cabort 
Disp. 
30 
5 
7 
9 
75 
90 
* 
-% PR N PR N PR 
65.1 4 2.7 67.6 4 2.2 78.0 
65.2 8 1.4 67.8 8 2.6 67.0 
66.2 8 3.5 63.6 12 2.9 -
62.1 8 1.7 62.5 12 3.0 68.3 
56.3 4 0.9 68.9 4 1.4 66.0 
45.0 8 2.7 66.3 4 1.9 49.2 
Rating Estimated from Optical Microscope Examination 
of Microtomed Sections 
N 
'4 
4 
-
4 
4 
12 
Only 
2.3 
1.6 
-
1.5 
0.7 
9.9 
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3.5 VERSION II 
Figure 3.24 
II Qf the 
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shows a photograph of Version 
photometric system developed. . The 
difference beween Versions I and 11 is the use 
of a very sensitive and stable photomultiplier 
instead of a simple photometer as used in Version I. 
MPV __ 
Photomul tiplier 
IJ~;;C=:J-----Interference Fil ter 
00 
E~:::=:=:J---- Measuring Diaphragm 
D.F.R.L. Microscope 
Fig. 3.25 Schematic Representation of MPV 
Compact Microphotometer 
A photometer used in Version 11 is a Leitz M.P.V. 
compact microphotometer fitted with a rectangular 
adjustable diaphram, which defines the area. 
of photometric measurement and which can be 
imaged on the monitor screen simultaneously 
with the specimen image. Figure 3.25 shows 
the schematic diagram of Leitz M.P.V. compact 
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microphotometer attachment. The use of this 
photometer permits permanent splitting of the 
light beam for the photometer and the T.V. camera, 
thus getting rid of the push button as in Version 
I and also a digital readout is obtained rather 
than an analog one. 
3.5.1 Evaluation 
Samples discussed in section 3.2.1 were also 
used in the evaluation of Version II. Version 
I operating procedures (as described in Appendix 
A) were adopted except that the "standard" 
was set to give 100 units on the photometer 
(3600 11m2 panel. Two different square areas 
and 400~m2) were used in analysing each of the 
six samples. This was done in order to establish 
the effect of the photometer diaphram opening 
size on the sensitivity of the system. For 
each area, the "standard" was set to read 1 0 0 
units by adjusting the potentiometer for the 
high-tension (H.T.) amplification. This procedure 
meant that for each area, the photomultiplier 
gain (which is a linear function of the H.T. 
vol tage supply) was different. It was assumed 
however that the measurement precision will not 
be affected for the H. T. voltage ranges used. 
The following parameters were set on the photo-
meter control panel (see Ref. 16): 
Photometric area 3600 1Jir.2 400 IJm 2 
Measured-Value nX nX (continuous 
Integration measurement) 
Sensitivity X10 X10 
H.T. Voltage 685V 813V 
For each spot area, six fields were assessed 
per 
the 
fig. 
sample. Figure 3.26 shows the resul ts of 
evaluation. Comparing this figure with 
3.22 shows that Version II is relatively 
more discriminating than Version I. This may 
en 
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be attributed only to the quality of the photo-
meter used in Vesion 11, and its digital present-
ation of results. No significant difference 
in sensitivity between the two spot areas is 
evident. Since the number of readings taken 
per sample were few and the total areas analysed 
different no firm conclusions could be made 
from these results as regards the effect of 
spot area on system sensitivity. This aspect 
will be investigated further in the next chapter. 
The disadvantage of using a large spot area 
is the increased chance of measuring across 
artifacts and unrepresentative areas. Also use 
of large spot areas may magnify errors due to 
non-uniform illumination if any. Theoretically 
the spot area is limited by considerations of 
light diffraction when it passes through small 
slits. practically though the advantages have 
to be weighed against the time taken per sample 
when using small spot areas as many areas have 
to be assessed to achieve a statistically sig-
nificant sample size. These considerations 
led to the development of an automatic version 
of the photometric system and this is the subject 
of chapter 4. 
3.6 SIGNIFICANCE OF THE RESULTS 
For any particular compound, it is necessary 
to establish by an independant method, the range 
of photometric readings corresponding to product 
acceptability or rejection. 
The presence of low levels of additives other 
than carbon in .the rubber will not significantly 
modify the results. It has been established, 
however, that different blacks or different 
loadings of the same black will give significantly 
different results for the same degree of dispers-
ion. 
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For work involving only a comparison of dispersion 
no independent method is necessary and it should 
be remembered that an increased degree of dispers-
ion gives lower photometer output. 
3.7 SUMMARY 
In this chapter 
for assessing the 
rubber, based on 
an evolution 
degree of 
Dark Field 
of a technique 
carbon black in 
Reflected Light 
microscopy has 
the review and 
been presented. 
evaluation of an 
This included 
earlier system 
utilising 'limited' image analysis to characterise 
the cut surface of the sample and an alternative 
photometric system which characterised the cut 
intensi ty of 
surface. This 
be termed a 
Two versions 
of the photometric system have been discussed. 
A prototype of Version I which used a specially 
sample surface by measuring the 
light from a small area of the 
later system performed what may 
'limited' object-plane scanning. 
designed 
both in 
photometer was 
the Institute 
buil t and 
Laboratories 
evaluated 
and by a 
group of rubber products manufacturing firms. 
The findings of these evaluations have been 
presented and discussed. 
preparation, rapidity of 
and the use of a close 
The easiness of specimen 
response of the system 
circuit T.V. camera to 
reduce operation fatigue are among the features 
of the system which were appreciated by Industry. 
Version 11 utilised a Leitz M.P.V. compact micro-
photometer and resulted in increased system 
sensi tivi ty and minimal drift. The photometric 
results have been shown to discriminate well 
in the dispersion 
significance, and 
physcial properties 
ranges which are of practical 
also that they predict well 
of rubber mixes. 
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CHAPTER 4 
PHOTOMETRIC SYSTEM AUTOMATION: VERSION III 
4.1 INTRODUCTION 
The Photometric System described in Chapter 
3 included three main areas which were success-
fully evaluated. 
(1) Specimen Preparation. 
(2) Quantitative Microscopy evaluation of cut 
surface with a photometer. 
(3) Operating aids, (calibration 
and use of close circuit T.V.). 
procedures 
To enhance the performance of the system as 
a rapid and objective tool for assessing the 
dispersion of carbon black in rubber, several 
other aspects have to be considered. These 
include: 
(1) Sampling techniques. 
(2) Increase in the number of fields evaluated. 
(3) Data acquisition. 
( 4 ) 
( 5 ) 
and 
Statistical analysis 
Presentation of results. 
of intensity data. 
(6) the effect of system variables on results. 
These considerations led to the decision that 
some functions of Version 11 had to 
resulting 
from the 
to reduce 
in Version Ill. It was 
outset to keep the cost 
the flexibility of the 
be automated, 
also decided 
low and not 
system. Thus 
Version III was structured as software based 
units constructed mainly of standard and comm-
ercially available hardware. 
In this chapter, all aspects of design and con-
struction of Version III will be discussed. 
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The results, obtained by assessing rubber samples 
prepared so as to display a range in the degree 
of dispersion of carbon black will also be dis-
cussed. Finally, other avenues opened up by 
the availability of an automated system will 
be explored and tested. 
4.2 GENERAL DESIGN CONCEPT 
The 
in 
for 
configuration of 
fig. 4.1. All 
Version II have 
Version III is depicted 
hardware improvements used 
been retained in Version 
III except the microscope stage which hs been 
replaced by a specially designed motorised stage. 
The microcomputer (Apple II) was introduced 
to automate this system by providing the following 
functions: 
The 
(a) Stage control 
(b) Photometer control 
(c) Data acquisition 
(d) Statistical analysis 
(e) Data storage and output 
advantage of using a computer is that in 
case of changes in the system concept, it is 
only the computer program which has to be changed 
as opposed to hardwired or mechanical systems 
where resoldering or 
of new components 
components which were 
laboratory were used. 
redesign 
has to be 
and manufacture 
already 
Most 
made. 
available 
of 
Suitable 
in the 
components were selected from the 
was done to keep the cost low 
the remaining 
market. This 
and reduce the 
system component dependence to the minimum. 
The only exception to the above principle was 
the motorised stage, and this was for one reason. 
That is, at the start of this part of the research 
there was no suitable motorised stage on the 
market cheap enough to fit into the research 
Printer I-
18 
MICRO 
Disc "- COMPUTER 
Drive 
r- Apple II 
Key Board 
Monitor f-
Fig. 4.1 
HV Stabilised Photo 
I- :'0:::-_s..:'~p~y_[ Mul ti-
plier 
Control panel Tube 
STAGE 
CONTROLLER ~ 
LV Stabilised st~ 
Power Supply 
'--pampl e r----> 0 
~ 
11' 
'I: 
Light ,,, I, 
Source ,," 1/ 
-, I-- / 
DFRL Inverted Microscope 
Photometric System, Version III Configuration 
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o 
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budget. The nearest to our requirements was 
a Leitz motorised stage which was under develop-
ment (to be available in 12 months time) and 
which cost about £4,500{l). Furthermore, it is 
doubtful whether the Leitz stage could be used 
with an inverted microscope. In the design 
and construction of the motorised stage, many 
standard and commercially available components 
were used. 
After deciding on the use of a computer, the 
next important consideration is which computer 
programming language to use. Computer programming 
languages can be grouped within three categories:( 2) 
machine language 
assembly level language, and 
high level language 
Machine language, also known as machine code, 
is the binary code executed by the processor. 
Its understanding is important in order to 
efficiently program microcomputers in assembly 
or high level language. However, programming 
in machine code is not practical for applications 
development. requiring a 
An assembly 
instructions 
significant software 
language consists of mnemonic 
and assembler directives having 
a "one-to-one" type relationship with equivalent 
machine language instructions. Its symbols 
are easier to use and to remember than the zeros 
and ones of machine language. Assembly language 
derived codes usually execute faster and require 
much less memory space than high -level language 
ones. For high-level languages, each source 
statement will generate a "block" of machine 
code rather than provide a one-for-one correspond-
ence as for assembly language. Several such 
languages are available and one of them is BASIC. 
BASIC language in its different versions is 
used by almost all microcomputers. When a high-
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level language like BASIC is used in software 
develoment, there is a considerable saving in 
programming time and the programmes developed 
tend to be less C.P.U. dependent thus adding 
to the flexibility of the system. The main 
disadvantage of high-level languages is that 
the resulting programme is generally not as 
efficient in terms of memory and computer time 
as for equivalent assembler derived programmes. 
On the whole, in choosing a programme language, 
ease of programming and flexibility must be 
weighed against execution speed- and ability 
to address interface modules. In this application 
it was decided to use throughout a high-level 
language, 'APPLESOFT BASIC' , since its speed 
(or lack of it) is not a limitation. It was 
envisaged however that in future refinements 
certain modules of the main programme could 
be written in machine language. 
4.3 DESIGN OF MOTORISED STAGE 
The stage was designed to provide 
in two orthogonal directions in its 
This was achieved by the use of 
translations 
own plane. 
two stepper 
motors one for each motion axis. The specificat-
ions for the stepper motor used are as follows; 
Type - Permanent Magnet 23M - C226 
Step Angle - 1.8 0 per step 
Supply Voltage - 12V 
Stepper motor spindles were fixed directly to 
adapted micrometer screws. The micrometer screws 
had a maximum travel of 2Smm and O.Smm per revol-
ution. The resolution of the stage, employing 
full step mode of the stepper motor, is calculated 
as: 
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R = 0.5 x 10 3 (~ /rev) 
200 (step/rev) 
= 2.5,..,.m/step 
A resolution of 2.5 J\{m was thought sufficient 
for this application. Finer resolutions could 
be achieved by either changing the stepper motor 
drive circuitry to half step mode giving a res-
olution of 1.25~m or by introducing a gear reducer 
between the stepper motor spindle and the micro-
meter screw. Alternatively, finer pitch micro-
meter screws could be used. 
The table was machined from aluminium alloy 
plates for stren9th and 1 ight weight. Further 
reduction of weight was achieved by drilling 
holes in the lower member of the table. The 
table slides were mounted with ball bearings 
to reduce friction to the minimum. The photograph 
of Version Ill, with the assembled motorised 
microscope stage is shown in fig. 4.2. 
4.4 CONTROLLER AND INTERFACE MODULE 
Figure 4.3 shows a block diagram of the stepper 
motor's controller and computer interfacemodule. 
The computer interface enables the microcomputer 
to communicate with other devices and the con-
troller pulses and controls the stepper motor 
depending on the signals received from the micro-
the interface board. In addition computer 
to the 
via 
stepper motor's controller, the· micro-
computer also communicates with the Photometer 
Control Unit via the interface board. In this 
section, brief information about different 
elements of the module will be provided and 
various programming features described. Also 
programme statements written in BASte to achieve 
stage control will be explained. As discussed 
above most of the units used are standard 'off 
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Fig.4.2 Autornatie Photometric System: 
Version III 
III 
a Photo-
a meter 
Stage 
GP-PI h 
a 
ontroller "ssembl~ 
b I 
a = Ribbon Cable 
b = Stepper Motor Control Lines 
Fig. 4.3 Block Diagram of Controller 
and Interface Module 
the shelf' components and hence very versatile. 
Only the information thought to be of relevance 
to this particular appl ication has been provided 
and no attempt was made to be exhaustive. 
4.4.1 Microcomputer Interfacing 
For microcomputer interfacing, a Printed Circuit 
Board (P.C.B.), which plugs directly into one 
of the eight peripheral connectors along the 
back edge of the Apple 11' s main board is used. 
This is 
(GP-PI) 
a general 
board for 
purpose Parallel Interface 
the Apple 11 microcomputer. 
It provides up to 24 software programmable input-
output lines which can be used to interface 
to various 
provided on 
peripheral devices. 
the board to allow 
A socket is 
it to be f i:ted 
with its own software PROM so that it may maintain 
its compatibility with other interface cards, 
fitted on the microcomputer board. 
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The GP-PI board is based on the 8255A/5 programm-
able interface chip and full details of how 
this operates can be obtained from the manufactur-
E;!rs literature (3). A summary of its capabilities 
will be given in section 4.4.4. 
4.4.2 stepper Motor Controller Unit 
This is a vero-board on which two stepper motor 
Driver IC Chips (UCN-4202A) and a power supply 
circuit have been wired, all housed in a die-
cast box with associated sockets. Figure 4.4 
shows a full wiring diagram for this unit. 
The interface board and photometer control unit 
connections are made in the box for purely pract-
ical reasons only. 
Functional Description of UCN-4202A 4 
The UCN-4202A IC Chip is specifically designed 
for driving small to medium permanent magnet 
(PM) stepper motors rated to 500mA and 15V. 
This monolithic IC employs a full-step, double 
pulse drive scheme that produces up to 90% util-
ization of the available PM stepper motor torque. 
The PM stepper motor is controlled by the inte-
grated step logic. To step the load from one 
position to the next, the step input is pulled 
down to a logic low for at leastl~s , then allowed 
to return to a logic high (see fig. 4.5(b). 
The step logic is activated on the positive 
going edge, which in turn activates one of four 
output sink drivers. The direction control 
determines 
A-D-C-B. 
the sequence of 
In full-step mode 
stages A-B-C-D 
the monostable 
or 
RC 
timing pin is tied to Vcc, making states Band 
D, stationary states. 
is required to move 
output states. In 
A separate 
through each 
double-step 
input pulse 
of the four 
mode, states 
Band D are transition states with duration 
• 
, 
KEY: 
Sockets 
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(b) 5V Supply 
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Fig. 4.5 IC Chip (UCN-4202A) 
(a) Pin Outs 
(b) Timing Diagram 
determined by the monostable RC timing. Improved 
motor torque is obtained at double the nominal 
motor step angle, and motor stability is improved 
at high step rates. Figure 4.5 shows the pin 
outs and the timing diagrams for the driver 
chip UCN-4202A. Only three imputs per chip are 
required from the computer, namely; step enable, 
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step input and direction control. 
of various pins are explained below. 
Power-on Reset 
The functions 
An internal RS fl ip-flop sets the output A 'ON' 
with the initial application of power. This 
state occurs approximately 30\16 after the logic 
supply voltage reaches 4 Volts, with supply 
rise times of up to 10 ms/V. Once reset the 
circuit functions according to the logic input 
conditions. 
Step Enable 
Pin 9 (Step Enable), must be held high to enable 
the step pulses for advancing the motor to reach 
the translator logic clock circuits. Pulling 
this pin low inhibits the translator logic. 
Step Input 
Pin 10 (Step Input) is normally high. The logic 
will advance one position on the positive transit-
ion after the input has been pulled low for 
at lease 1\1£. The step input current specificat-
ion is compatible with NMOS and CMOS. 
Direction Control 
The direction of output rotation is determined 
by the logic level at pin 12. If the input 
is held high the rotation is A-D-C-B; if pulled 
low the rotation is A-B-C-D. This input is 
also NMOS and CMOS compatible. 
Output Enable 
Outputs A through D are inhibited 
'OFF') when pin 1 (Output Enable) 
(all outputs 
is at high 
level. This condition creates a potential for 
wire OR-ING of device outputs or other potential 
control functions such as chopping or bi-level 
drive. 
I 
. ' 
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4.4.3 unit Connections 
A 26-way ribbon cable connects the GP-PI to 
the stepper motor control unit. 
logic 0 vol ts and the remaining 
split into three 8 bit ports. 
Two lines are 
24 lines are 
Port A, Band 
C, which can be selected to be inputs, or, outputs 
or in certain cases, a combination of the two. 
In this application two ports A and Bare con-
figured as inputs and are reserved for connection 
to the photometer control unit. Stepper motors 
are connected to their control unit through 
a five way socket, see fig. 4.4. Figure 4.6 
shows the ribbon cable pin outs with the corres-
ponding port bits. 
4.4.4 Programming Features 
The hardware described above has been selected 
to achieve microcomputer control of the microscope 
stage. In this sub-section the necessary pro-
gramming features will be explained. As mentioned 
above the GP-PI is a general and versatile inter-
face card. It may be used in interfacing various 
peripheral devices. Only features which have 
been used in this particular application will 
be highlighted. For general programming features 
of Apple 11 microcomputer, references (5) and 
(6) should be consulted. 
Modes of Port Operation 
The 8255A/5 interface chip allows 
of alternative configurations of 
these can be achieved by using 
programmable modes; 
MODE 0: (all ports) 
a large number 
the ports and 
one of three 
This is the normal input 
output mode. 
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Fig. 4.6 Ribbon Cable Pin Outs 
i 
• • • • 
, 
• • • • • • • 9/ I 12 11 10 8 7 6 5 I 4 3 2 
I 
25 24 ~3 22, 21 ~O 1.9 18 I 17 16 15 14 • • • • • I • • • • 
Port A Bit 0 1 Socket Pin No. 
1 14 
2 2 
3 15 
4 3 
5 16 
6 4 
7 17 
Port B Bit 0 5 
1 18 
2 6 
3 19 
4 7 
5 20 
6 8 
7 21 
Port C Bit 0 9 
1 22 
2 10 
3 23 
4 11 
5 24 
6 12 
7 25 
Ground ----- 13 
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MODE 1: (only Port A and B) 
MODE 2: 
Three bits 
allocated 
of 
to 
Port C are 
each of the 
other ports to act as automatic 
"hand shaking" controls. 
The remaining bits of Port 
C will function in Mode o. 
(Port A) 
Port A becomes bi-directional 
wi th 5 bits of Port C acting 
as automatic handshake con-
trols. 
may be 
o and 
C bits 
Mode o. 
Port B, in this case 
operated in Modes 
1 , with spare 
also operating 
Port 
in 
In this application mode 0 has been used with 
Port A and B configured as inputs and Port C 
as output. Port C actually consists of two 
groups of 4 bits which can be controlled independ-
ently of each other. These are referred to 
as Port C-lower (bits 0 to 3) and Port C-higher 
(bits4to7). 
Command Channel 
The modes and directions of the ports are selected 
by writing an 8 bit control word to the command 
channel. The functions of each of the bits 
being as follows; 
Bit 0 
Bit 1 
Port C (lower) control 
o = output 
1 = input 
Port B direction 
o = output 
1 = input 
Bit 2 
Bit 3 
Bit 4 
Bit 5 
& 6 
Bit 7 
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Port B mode select 
o = mode 0 
1 = mode 1 
Port C (upper) control 
o = output 
1 = input 
Port A direction 
o = output 
1 = input 
Port A mode select 
00 = mode 0 
01 = mode 1 
10 or 11 = mode 2 
This is set to 1 to indicate 
that this is a set up command. 
Table 4.1 gives all 16 combinations of Mode 
o selections and the corresponding control word. 
The other function of the command channel is 
to selectively set or clear individual bits 
of Port C. In this case onl y bits 0 to 3 of 
the command word are used and bit 7 must be 
O. A complete list of these codes is given 
in Table 4.2. 
Table 4.1 Mode o Configurations 
CONTROL WORD * PORT A PORT C PORT B PORT C 
D H (Upper) (Lower) 
128 80 0 0 0 0 
129 81 0 0 0 I 
130 82 0 O~ I 0 
131 83 0 0 I I 
136 88 0 I 0 0 
137 89 0 I 0 I 
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Table 4.1 Cont. 
CONTROL WORD * PORT A PORT C PORT B PORT C 
D H (Upper) (Lower) 
138 8A 0 I I 0 
139 8B 0 I I I 
144 90 I 0 0 0 
145 91 I 0 0 I 
146 92 I 0 I 0 
147 93 I 0 I I 
152 98 I I 0 0 
153 99 I I 0 I 
154 9A I I I 0 
155 9B I I I I 
* D = Decimal, H = Hexadecimal 
I = Input, 0 = Output 
Table 4.2 Bit Set/Reset Command Channel Word 
CONTROL WORD * FUNCTION 
D H BIT 
0 0 Clear 0 
1 1 Set 0 
2 2 Clear 1 
3 3 Set 1 
4 4 Clear 2 
5 5 Set 2 
6 6 Clear 3 
7 7 Set 3 
8 8 Clear 4 
9 9 Set 4 
10 A Clear 5 
11 B Set 5 
12 C Clear 6 
13 D Set 6 
14 E Clear 7 
15 F Set 7 
* D = Decimal, H = Hexadecimal 
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Port Addresses 
The command channel and each port has its own 
memory address in the Apple 11 microcomputer 
memory map. Thus we have four consecutive 
addresses for the GP-PI card. Port A has the 
first address in the sequence and is considered 
as the base address. The base address is set 
by the peripheral card slot in which the GP-
PI card is placed. Table 4.3 gives the base 
addresses corresponding to slot numbers on the 
Apple 11 main board. 
Port A 
Port B 
Port C 
address = Base address 
address = Base address +1 
address = Base address +2 
Command Channel address = Base address +3 
In this application slot No. 3 was used and 
Table 4.4 gives the corresponding addresses. 
SLOT NO. 
o 
1 
2 
3 
4 
5 
6 
7 
Table 4.3 Base Addresses 
BASE 
H 
used for memory 
C090 
COAO 
COBO 
COCO 
CODO 
COEO 
COFO 
* H = Hexadecimal, D = Decimal 
ADDRESS 
D 
expansion 
49296 
49312 
49328 
49344 
49360 
49376 
49392 
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Table 4.4 Port Addresses Used 
H D 
PORT A COBO 49328 
PORT B COBl 49329 
PORT C COB2 49330 
COMMAND CHANNEL COB3 49331 
Data Transfer Between Port Terminals and Micro-
computer 
On supplying 5V d.c. to the GP~PI the interface 
chip is automatically reset, thus all ports 
are in the input Mode O. Thereafter no futher 
configuration is necessary if only inputs in 
Mode 0 are required, otherwise ports have to 
be configured as inputs or outputs by writing 
a corresponding control word (see Table 4.1). 
Data at the port terminals can then be transferred 
to the micro using suitably addressed REED in-
instructions, e.g. a PEEK instruction in BASIC 
or the equivalent in machine code. Similarly 
data from the micro can be sent to port terminals 
by suitably addressed WRITE instructions, e.g. 
a POKE instruction in BASIC. 
The outputs to the ports are latched, inputs 
to ports however are not latched. If coniigur-
ed as an output, reading a port will give the 
state of all bits at that port and the port 
bits will remain unchanged. Writing into an 
input configured port will leave the port bits 
unchanged. 
4.4.5 Some Utility Programme Routines 
As discussed in Section 4.2 a high level language 
(Apple Basic) has been used in programming the 
microcomputer to Control Version 
is much simpler than machine code 
its speed (or lack of it) is not 
Ill. BASIC 
language and 
a limitation 
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in this application. In this sub-section the 
programme routines developed to control the 
microscope stage and acquire data from the photo-
meter will be explained. The development of 
the main programme for the whole version III 
System will be treated in Section 4.6. 
Control of Stepper Motors 
Figure 4.5 indicates that we need three outputs 
from the computer in order to control the stepper 
motor through the UCN-4202A chip, namely; step 
input, step enable and direction control. 
However, the two step input 1 ines (Pin 10) are 
joined as shown in fig. 4."4, hence we need onl y 
five output lines from the computer to control 
two 
this 
are 
bits. 
stepper motors. 
with 3 bits to 
not counted as 
Port C bits are used for 
spare. OV and SV 1 ines 
they do not take up port 
The 5V line is taken from Pin 1 of the 
game 1/0 connector of the Apple 11 main board. 
( 6 ) • 
Table 4.5 relates the signal requirements, the 
socket pin numbers as wired and Port C bit 
numbers. UCN-4202A IC pin numbers are in 
brackets. 
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Table 4.5 Port C Identification 
PORT C BIT SOCKET PIN NO. FUNCTION * 
LSB 0 9 M2 DIRECTION (12 ) 
o = CWS, 1 = CCWS 
1 22 M2 . ENABLE ( 9 ) 
o = STOP, 1 = RUN 
2 10 not used 
3 23 Ml DIRECTION (12 ) 
o = CWS, 1 = CCWS 
4 11 not used 
5 24 Ml ENABLE (9) 
o = STOP, 1 = RUN 
6 12 STEP INPUT (10) 
1 and 0 
MSB 7 25 not used 
13 Ground ( 8) 
* Ml Stepper motor no.l 
M2 Stepper motor no.2 
CWS Clockwise 
CCWS Counterclockwise 
LSB Least significant bit 
MSB Most significant bit 
Control Statement Examples 
(1) Mode 0, Port A & B inputs, Port C output config-
uration (see Table 4.2): 
POKE 49331, 146 
note: when a port is changed from 
( 2 ) 
output all its outputs 
Pulse Generation: 
This is achieved by raising 
bit 6 of Port C, in a loop. 
r POKE 49330, 64 j 
~ POKE 49330, 0 
(3) Running Motors: 
go 
and 
input to 
to zeros. 
lowering 
To run motors Ml and M2, clockwise or anti-
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clockwise. The corresponding bits of Port C 
for enabling the motors and determining direction 
must be set or cleared and included in the above 
loop. See Table 5. 
Task Port C Bits BASIC Loop 
MSB ~------ LSB 
Ml CWS 10 11/011 10 10 10 10 10 I POKE 49330, 96 
POKE 49330, 32 
Ml CCWS 
1
0 Poll 11 10 10 10 10 I POKE 49330, 112 
POKE 49330, 48 
M2 CWS 10 11/0 10 10 10 10 11 10 I POKE 49330, 66 
POKE 49330, 2 
M2 CCWS [0 11/0 10 10 10 10 11 11 I POKE 49330, 67 
7 ~------ 0 POKE 49330, 3 
To run the two motors simultaneously, similar 
loop statements may be written in the same way. 
Independent control may then be achieved by 
setting or clearing the respective Port C bits, 
using the command channel control word (see 
Table 2). 
Dat a Acquisition 
The data 
panel is 
4.7 shows 
output from the photometer 
in Binary Coded Decimal (BCD). 
the pin outs of the socket 
control 
Figure 
at the 
back of the MPV Compact Photometer control panel. 
output is with open Collector 
have to be 'pulled up' before 
to the computer port. This 
by connecting a resistor to 5V 
Since the data 
lC's ( 7) , they 
connecting them 
is simply done 
line in parallel. The output lines then can 
be connected to the input 
READ as explained above. 
Ports A and Band 
However, the data 
read as such by the microcomputer will not 
represent the same value as the output data 
since the output data is in BCD and the computer 
'understands' only binary number codes. Hence, 
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Sign + low Contact 13 Polo 
" 12 1 x 10 3 Sign - high 
" 11 8 x 10 2 
13) Pd 
" 10 4 x 10 12 ) A 10 3 
" 9 2 x 10 11) D 10 2 
" 8 1 x 10 10) C 10 
9 ) B 10 " 37 8 x 10 
8 ) A 10 
" 7 4 x 10 
37) D 10 
" 19 2 x 10 7 ) C 10 
" 6 1 x 10 19) B' 10 
6 ) A 10 
" 14 8 x 10 14) D 10° 
" 15 4 x 10 15) C 10° 
16) B 10° " 16 2 x 10 
17) A 10° " 17 1 x 10 
,-':35 ) Corn. 
:: 36) Busy 
" ~- 1) +5V 
--3 ) +14V 
18) 
20)--<OV 
Fig. 4.7 Photometer Data Output Socket (7) 
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the read data has to be converted to pure binary 
for the microcomputer. A software solution 
to this problem was adopted and developed, see 
Appendix B. 
The connection of Port A and B lines to data 
output socket pins (pin numbers indicated) is 
shown below. 
[ 371 71191 61141151161171 PORT A 
I X 1131 X 112111 110 I 91 81 PORT B • 
* Contacts 18, (start flag) and 36 
(busy flag) were not used. 
Port A is connected to the first two least sig-
nificant digits of the BCD number, and Port 
B to the 
Two bits 
remaining two most 
of Port B are not 
significant digits. 
used and one bit 
is reserved for the sign (+ve or -ve) of the 
number. 
Data Acguisition Statement Examples 
(1) Reading Port A & B 
A = 49328 : B = 49329 (Port Addresses) 
X = PEEK A 
W = PEEK B 
(2) Number Conversion: 
Let the four digit numbers at the Photometer 
Control Panel be -127.4 
7.4 will be read by Port A as 01110100 
-12 will be read by Port B as 01010010 
in binary numbers . 
Conversion of the first two numbers is 
achieved by the following statement: 
4.5 
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Y = INT (X/16) 
L = (lO*Y + (X/16-Y) *16)/10 = 7.4 
The remaining two 
as follows: 
numbers are converted 
VI = INT (W/64) : REM SIGN CHECK 
IF VI = 1 THEN K = -1 : W = W -64 
IF VI = 0 THEN K = 1 
V2 = INT (2/32) 
IF V2 = 1 THEN W = W -32 
E = INT (W/16 ) U = 10*E + (W/16 -E) 
*16 
Gl = K* (lO*W + L) = -127.4 
SAMPLING TECHNIQUE AND DATA ACQUISITION 
So far attention has been given to the design 
and development of hardware and software modules 
for stage manipulation and data acquisition 
by computer. Nothing has been mentioned as 
to how the stage should be manipulated, in other 
words stating the preferred path of the sensing 
device on the sample surface, nor on how data 
should be acquired and stored. 
subject of this section. 
This is the 
As discussed in Chapter 3 and from the evidence 
of SEM micrographs (sect. 3.2.3) the bumps and 
valleys on the cut rubber surface (surface rough-
ness) are of random size and 'dispersed' 
hypothesis 
randomly 
is that on the surface. The main 
these are related to the black agglomerates 
in the rubber-carbon black matrix. Hence in 
an indirect way this 
the surface, gives an 
volume fraction of a 
method of characterising 
estimate related to the 
randomly dispersed phase 
and therefore the sampling plane chosen must 
be capable of providing an unbiased estimate 
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of such a system. 
The lineal or Rosiwal analysis method provides 
an unbiased estimate of the volume fraction 
of randomly dispersed phases on a two dimensional 
surface (9) . Hill iard and Cann (lO) showed 
in their paper that this sampling plan has a 
sampling efficiency equal to areal analysis 
and better than random point-count techniques. 
For Version Ill, therefore, systematic lineal 
analysis (see fig. 4.8) was chosen as a sampling 
technique which can provide the greatest amount 
of unbiased information in a given time. However, 
to increase flexibility of the system a random 
sampling plan was also incorporated in the main 
programme. 
The computer will be 
stage and hence the 
programmed to drive the 
sample in steps, stop and 
data from the photometer, 
the stage to the next spot 
read 
then 
the intensity. 
continue moving 
and so on. It is necessary to stop to make 
sure that the stage is steady when readings 
are taken. Also since the speed at which the 
computer reads the data is 
the response of the stage, 
stop to make sure that the 
much higher than 
it is necessary to 
readings taken are 
the ones desired. Data is stored as a one dimens-
ional array representing 
surface along the whole 
the intensity 
length of the 
of the 
scanned 
path. This may be thought of as a "digital 
image" of the surface. The raw data is stored 
in the computer memory as it is accumulated 
and copied on the flexible disc on completion 
of the analysis. The need to compare the data 
with data from other samples or standard rubber 
mixes made the storage of raw da.ta rather than 
statistically derived data a better proposition. 
Statistical analysis and resul t presentation 
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1 
2 
3 
L-______________________ n-ooStop 
Cut Surface 
Fig. 4.8 Sampling Technique for 
Data Acquisition 
Version Ill. 
is done after completing the analysis (off-line). 
4.6 MAIN PROGRAMME DEVELOPMENT 
In a computer based system the development and 
testing of the programmes is very important since 
this software replaces the hardware circuitry which 
would, in a 'conventional' automatic system, define 
the functions performed by the system. In this 
section the approach used in developing the main 
programme will be described. The detailed listing 
of the programme itself is given in Appendix B (i). 
The main consideration in this development was that 
the programme should be easy to use and to modify 
once developed. To achieve this objective it was 
decided to develop the programme in modules, each 
module performing a particular task. The advantage 
of this approach is that each module may be devel-
oped, tested and later modified independently. It 
was also decided to make the programme menu driven 
and interactive. That is, once the system is 
started, the programme prompts the operator on what 
to do next by presenting possible options. This, 
eliminates the need for vigorous operator training 
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in the use of the system and provides the flexi-
bility for research work. 
Figure 4.9 shows the programming structure used. 
When the computer is switched on, introductory 
notes followed by the available modes of operat-
ions (level 1 modules) are displayed on the 
Text/Graphics screen. Level 2 modules may call 
up level 3 modules to perform the tasks and 
handles all the programme co-ordination. On 
each completion of level 2 module control is 
returned to level 1 module (select mode). 
4.7 VERSION III OPERATION 
The microscope is set up in the normal way and 
specimen preparation and calibration are carried 
out as described for Version 11. Operation 
of Version III system begins by switching on 
the computer. The computer loads the system 
programme and displays a set of introductory 
notes on the text/graphics screen and then the 
menu. Five menu 
up level 2 modules 
options are available making 
(see fig. 4.9). Set up module 
allows the stage movement to be manipulated 
through the microcomputer keyboard. This is 
essential when setting up the system and visually 
selecting the area to be analysed. Also calibrat-
ion of the system is done under this mode. 
Random Sampling module calls up four level 3 
modules: (1) Operating data generator random 
-ly. generates 10 lengths and directions of 
the stage movement, (2) Move Stage module 
pulses the two stepper motors according to the 
data generated and (3) Data Acquisition module 
acquires data at fixed intervals as the stage 
moves. Finally the DISR module identifies and 
stores the data on the disc. 
.1 
START 
INTRO- I 
DUCTION AND / 
MENU 
// 
SELECT ~ MODE 
2 
SET UP 
(CALIBRATION) 
~ RANDOM 
SAMPLING 
I RE-RUN 
~/X/ 
DATA 
FILE 1D 
ca 
3 
OPERATING 
8~~~RATION 
~ STATISTICAL 
ANALYSIS 
V~IDATA 
ACQUISITION 
/y~~ 
I RESULTS OUTPUT,,~ ~ ~~, MOVE STAGE 
LINEAL 
SAMPLING 
STOP 
PRINT 
RESULTS PLO 
REQUEST OP-
ERATING DATA 
Fig. 4.9 Programming Structure 
I-' 
W 
N 
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As discussed above, random sampling is not a 
preferred technique in this appl ication. Resul t 
Output module identifies and retrieves data 
by DISR module and performs statistical analysis 
on it. Finally. it prints resul ts in the form 
required. Lineal Sampling module is the module 
used for dispersion assessment in Version Ill. 
Figure 4.10 shows the Macro flow chart of the 
Module programme. The analysis starts by a 
series of questions which allow the operator 
to enter the operating parameters and the name 
of the future data output file. Table 4.6 gives 
an example of the 
The scan length, 
opera ting parameters entered. 
the width (distance between 
scans) and number of scans in effect specify 
the area of the sample to be analysed and ensures 
that only acceptable areas· of the specimen are 
assessed. The reading interval parameter speci-
fies the distance between areas where measurement 
is 
of 
taken. 
the scan 
In conjunction with 
length and number 
specification 
of scans, the 
total number of readings to be taken is def ined. 
Table 4.6 Operating Parameters Example 
Scan Length 1000 
Reading Interval 25 
Scan Width 25 
Number of Scans 4 
edit (y/n) n 
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( START 
1 SET UP 
2 RANDOM RUN 
MENU 
3 RE RUN 
Select Mode - - - --
4 PRINT RESULTS 
5 SAMPLE SCAN 
MODE 5 6 TO END 
Sample Scan 
Scan Length SL 
Reading Interval RI 
ENTER SCAN 
PARAMETERS ------
Scan Width SW 
Number of Scans NS 
edit (y/n) 
ENTER DATA 
FILE ID 
f- SL _I 
0----0-- --<?l 
RI , 
, 
SCANNING i --'2 
& DATA 
- - - - . 
, 
ISW 
ACQUISITION '-------- 3 
- - - - - - - - -NS 
E-SCAN YES 
? 
NO 
Fig. 4.10 Macro flow Chart 
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4.7.1. Results Presentation 
Figure 4.11 shows a typical print out of results 
for samples representing well and poorly dispersed 
carbon black. The mean (and/or the modal value) 
of the measured intensities gives an indication 
of the carbon black dispersion in the rubber 
compound. The standard deviation and to a certain 
extent the intensity/frequency plots give an 
indication of the distribution of the mix. 
It must be stressed again that these results 
are used for comparison purposes and are not 
absolute. Indeed they are influenced by the 
type of black (11,12,13) and the black loading. 
In process control situations a preliminary 
test using the traditional methods discussed 
in the literature (13,14,15) has first to 
be made to establish the acceptable range of 
results. 
4.8 EVALUATION OF VERSION III 
4.8.1 Mixing of Samples 
To evaluate the performance of Version III a 
simple mixing procedure was adopted for preparing 
rubber samples with various degrees of dispersion. 
The polymer and all ingredients were added in 
an internal mixer (a 1.5L Farrel Bridge BR 
Banbury) at the same time and mixed. for 2.0 
minutes. The formulation used was: 
Rubber NR (SMR 20) 
Black N220 lSAF 
Zinc Oxide 
Stearic Acid 
Permanax lPPD 
Sulphur 
Detrex 729 Shell; Oil 
pphr. 
100 
45 
5 
3 
2 
2 
5 
40 
30 
10 
20 
(a) 
16 
I-
>< 
u 
z 
(a) [LI 8 I-::J (JI 
[LI 
p:: 
~ 
.~ 
l-
f 
• 
40 60 40 80 
PHOTOMETER READING PHOTOMETER READING 
Fig. 4.11 Typical System Output (see Appendix B (ii» 
Well Mixed Sample (b) Poorly Mixed Sample 
Sample lD 45 Sample lD 10 
Mean PR = 34.91 Mean PR = 69.14 
Std. Dev. = 3.62 Std. Dev. = 16.22 
Max. PR = 48 Max. PR = 116 
Min. PR = 28 Min. PR = 43 
MOD/FREQ = 33/38 MOD/FREQ = 70/12 
(b) 
120 
,... 
w 
'" 
MOR 
PVl 
137 
1.2 
0.2 
The mixer was operated under the following con-
ditions: 
Circulating water temp. (inlet) 
Ram pressure 
Rotor speed 
Fill factor 
(based on volume of mixer chamber 
and density of finished mix) 
40°C 
0.46 MPa 
45 rpm 
0.7 
From the internal mixer, the mix was immediately 
transferred to a laboratory mill which was then 
used to control the carbon black dispersion. 
The nip setting was 3mm and small (n 80g) samples 
. were cut from the sheet after 6, 10, 15, 18, 
20, 25, 26, 30, 37 and 45 passes through the 
mill nip. These samples were small for physical 
testing but sufficient for rheological testing 
with a TMS rheometer. 
4.8.2 Testing 
Rotary Shear Rheometry: (TMS) 
The relationships between physical properties 
and the dispersion of carbon black has been 
widely investigated (8,16,17,18,19), see also 
section 2.4. It was felt necessary to choose 
a practical test with which to confirm a correlat-
ion between the present dispersion results and 
such a physical property. Mooney viscosity 
measurements have been shown earlier in section 
3.2.2 and by other workers (16-20) to correlate 
in this way. The TMS rheometer carries out 
a similar test but over a wider range of shear 
rates. This method also has the advantage of 
needing only small quantities (approximately 
25g) of rubber compound. 
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The rheological properties of the selected samples 
were measured, using a TMS rheometer at 100°C. 
Flow curves for shear rates between 0.1 and 
35 sec. -1 were obtained, together with stress 
relaxation curves. The stress relaxation be-
haviour was measured by stopping and clamping 
the rotor, after a conditioning run at a shear 
rate of 10 sec. -1 
of decay of torque. 
and then recording the rate 
Flow and stress relaxation curves give sufficient 
information to determine the parameters of the 
modified Maxwell model (21,22) 
the material. See also section 6.4.5. 
Carbon Black Dispersion 
The following techniques were used 
the dispersion of carbon black. It 
describing 
to assess 
should be 
noted that the Cabo ,t Carbon System based on 
the quanti tati ve microscopical 
tomed sections was shown by 
analysis of micro-
Ebell and Hemsley 
the case of well (15) not to be rel evant in 
dispersed black. 
included here. 
For this reason it is not 
A. Light Microscopy 
B. 
This was carried out on torn surfaces accord-
ing to ASTM 0-2663-69, Method A by visual 
inspection. 
The Photometric 
Specimens were 
section 3.1.1. 
Technique, Version III 
prepared as explained in 
Both uncured and subsequently 
cured samples were assessed. 
meters chosen were: 
The test para-
Scan length 
Reading interval 
SL 
RI 
l500.Jim 
25 A'm 
Scan width 
Number of scans 
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SW 
NS 
These parameters give a total of 
intensi ty readings. The photometer 
244 light 
diaphr';m 
• 
aperture was set to give a measured area 
of 20)Jrn x 20)Jrn. 
C. Scanning Electron Microscopy 
Scanning Electron Microscopy (SEM) was used 
as in section 3.2.2 to gain a higher resolut-
ion visual impression (via micrographs) 
of the nature of the surface obtained by 
cutting the sample with the specimen jig. 
No attempt again was made to quantify the 
roughness revealed by the technique. 
4.8.3 Results and Discussion 
Scanning Electron 
of a series of 
of CB dispersion 
Micrographs of cut surfaces 
samples of increasing quality 
are shown in fig. 4.12. They 
confirm similar results discussed in section 
3.2.3, that the subjection 
of the surface follows 
mixing which the sample 
impression of roughness 
closely the degree of 
has received. Poorly 
mixed samples show rough surfaces while well 
mixed samples exhibit much smoother surfaces. 
Figure 4.13 shows the effect of milling on the 
flow curves of the compound used. Each mix 
may be characterised by the two constants ( 24) 
no and n from the relationship. 
s Log 1: = 
As dispersion 
Log n ." + n Log t . . . . . . . .. (4.1) 
o 
improves the viscosity at low 
shear rates 
and 
as indicated by nbi decreases 
increases slightly (fig. 
(fig. 
4.15) . 4.14 ) n 
The decrease in viscosity with increasing dispers-
I, 
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ion has been discussed in section 2.4.3. Figure 
4.16 shows the stress relaxation curves for 
four of the samples and fig. 4.17 shows the 
shear modulus G -v- the number of passes through 
the mill nip. 
fully injected 
Only four 
into the 
samples could be success-
cavity of the TMS rheo-
meter in this test, due to instrumental faults. 
The few data points and the high possibility 
of error in the cause of the test makes the 
shear modulus results inconclusive. 
Version III results are shown in figs. 4.18 
and 4.19. Figure 4.18 shows the variation of 
the mean light intensities 
measured by the number of 
with dispersion as 
passes through the 
mill nip. The light intensity decreases with 
improving carbon black dispersion, as shown 
earlier. The reasons for this were discussed 
in section 3.4.5 and will not be repeated here. 
Figure 4.19 shows the change in standard deviation 
of light intensity readings o~R) with dispersion. 
oPR decreases as dispersion improves; which 
is expected since the surface becomes smoother 
and more uniform. The frequency/intensity plots 
give at· a glance what may 
mean intensity and standard 
They show the intensity .level 
of the surface. These plots 
be concluded from 
deviation figures. 
and the uniformity 
may also indicate 
the contribution of dust or holes on the sample 
surface which should lead to rejection of results. 
These appear as individual groups away from 
the centre of the plot (25). 
Table 4.7 gives the dispersion ratings of all 
samples as determined by the ASTM D2663-69 Method 
. A. As would be expected, the dispersion improves 
with an increasing number of passes through 
the mill nip. All the tests performed on the 
samples and discussed above, confirm the system 
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resul ts, fig. 4.18 and 4.19. It is also clear 
from these results that the system is very dis-
criminating over a wide range of dispersion 
levels. It was shown in chapter 3 that the 
photometric technique of assessing carbon black 
dispersion in rubber predicts quite well the 
mechanical properties of rubber compounds, and 
in this chapter it has been shown that it predicts 
the rheological properties as well. 
No. of 
6 
10 
15 
18 
20 
23 
26 
30 
37 
45 
Table 4.7 Dispersion Ratings by 
ASTM 02663-69 Method A 
Passes Visual Rating 
1 
1. 75 
1.5 
2.0 
2.5 
2.5 
3.0 
3.5 
4.0 
4.5 
50 
40 
30 
20 
10 
-
-
5 
4 
3 
0.1 
0 
• 
:: 
=0-
Fig. 4.13 Flow Curves for Milled Samples 
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4.9 EVALUATION OF OPERATING PARAMETERS 
After designing and constructing the Automatic 
Version of the photometric system (Version Ill) 
and after evaluating it as regards its basic 
function of assessing the degree of carbon black 
dispersion, it was necessary to evaluate the 
various factors controlling the operation of 
the system. The main objective of this evaluation 
was to try and establish the optimum operating 
conditions for the system components for maximum 
resolution, and investigate the effect of some 
operating errors on the system results. Also 
such a study would inevitably indicate areas 
where additional modifications in operating 
prodecures could yield further improvements 
in data acquisition. 
4.9.1 Effect of Loss of Focus 
The use of 
reduced the 
the analysis 
the sample 
an Inverted 
problem of 
due to the 
on the stage. 
Microscope very much 
loss of focus during 
simplicity of levelling 
However, for poorly 
mixed samples and when errors are made in 
levelling the sample in the specimen holder, 
loss of focus may be experienced during the 
scanning of the specimen. In operation, the 
operator adjusts the focus by observing the 
image of the sample on the sample image rnoni tor, 
and in this way minor focus sing errors may be 
rectified. 
To study the effect of loss of focus on the 
system intensity readings, analysis was made 
on two rubber samples discussed under section 
4.8.1 One sample was poorly mixed (15 passes) 
and the second well mixed (45 passes). Six 
equal positions were marked on the fine focus 
ad justing knob representing sI ightly out of 
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focus (=x~m out of focus), 2X~m out of focus 
and 3X~m out of focus above and below the correct 
focus plane. It was thought unnecessary to 
measure the value of X as the aim of these 
tests was only the establishment of the trend 
of the focus sing 
ically in fig. 
error. 
4.20, 
The results shown graph-
have been corrected to 
the indicate relative measuring differences by 
following equation: (23) 
Y = PR * - PR x 100 •••••••...•.. (4. 2 ) 
PR 
where Y % relative difference or relative 
PR* 
error. 
Value measured with sample 
of focus. 
out 
PR Value measured with the sample 
in focus. 
so that direct comparisons can be made on samples 
with differing dispersion levels. 
Figure 4.20 shows that when the plane of focus 
moves above the object plane the measured intens-
i ty increases. This is due to light from areas 
surrounding the effective measuring spot passing 
through the photometer diaphram and register-
ing on the photomul tipl ier tube. ( 23) When 
the plane of focus is below the stage plane, 
the measured value decreases, because less light 
reaches the photomultiplier tube. The effect of 
focusing on the photometer reading definitely 
depends on the design of the objective (Numerical 
Aperture), with high-power objectives the sI ight-
est defocussing causes a noticeable change in 
the measuring value. It may be concl uded from 
fig. 4.20 that the relative difference of measur-
ing 
the 
value is proportioned to 
stage object and the 
the distance between 
plane on which the 
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objecti ve is actually focused. It also depends 
on the nature of the surface, with poorly dispers-
ed compounds producing larger out of focus errors. 
These results also demonstrate that the correct 
focus position cannot be obtained simply by 
adjusting so as to maximise the measuring value. 
It is obtained by selecting by eye the position 
giving maximum image contrast at boundaries 
between features of different optical properties. 
4.9.2 Size of Photometric Field 
One of the main requirements in photometry is 
the use of a photometric field of size sufficient 
to provide enough optical flux to give a reliable 
measuring value. On the other hand, the photo-
metric field has to be small compared to the 
luminous field in order to avoid disturbance 
by diffraction fringes from the edge of the 
luminous field. In general practice however 
the. size of the photometric field is determined 
by the size of the features being measured, 
making sure that the field is large compared 
to these features. The photometric field also 
has to be adjusted to cover only the homegeneous 
and defect free area of the luminous field. 
In the operation of the Photometric System, 
Version Ill, it was thought important to establish 
the effect of using different photometric field 
sizes on the response of the system. By using 
a micrometer slide, the photometer diaphram 
was adjusted to various photometric field sizes. 
Each photometric field size was used to assess 
a series of samples discussed in section 4.8.1. 
The results are given in Table 4.8. The same 
number of intensity readings were taken (244) 
and the reading intervals were adjusted to avoid 
overlapping of photometric fields. From these 
results and for the photometric field sizes 
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focussing plane and stage object focussing plane 
above stage object below stage object 
Fig. 4.20 Effect of Focus Error on Photometric 
System Results 
/ 
studied, there 
:Lnfluence of 
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seems to be no significant 
field sizes on the sensitivity 
of the system. However, the small photometric 
222 . field sizes (10 and 20 ~m) appear to be margin-
ally more discriminating than the larger field 
sizes. With regard to standard deviation photo-
metric field size ( 20) 2 ~m 2 seem to produce 
better results than either smaller or larger 
field sizes. Photometric field size (20)2 \J m 2 
was eventually adopted. It should be mentioned 
here that as long as both the 'standard' or 
reference sample and the test 
using 
long as 
ed the 
the same photometric 
sample are evaluated 
field size and as 
changes 
affected 
the luminous field is uniformly illuminat-
system sensitivity (ability to detect 
in dispersion) will not be significantly 
by photometric field sizes. Howver, 
different photometric field sizes.gi ve slightly 
different intensity readings, depending on the 
degree of dispersion. For comparision purposes, 
therefore, the same photometric field size should 
be used, especially for poorly mixed samples. 
Table 4.8 Infl uence of Photometric Field Size 
on Version III Results. 
(Mean Intensity/Standard Deviation) 
Field Size 
in J.lm 2 (10 )2 ( 20)2 ( 50 )2 ( 80)2 
No. of Passes 
15 69/12 60/9.5 70/8 63/6 
20 51/8.8 56/9 66/8.9 56/8 
26 44/8 42/6 39/3.5 40/5 
30 40/7.8 40/4 42/6 44/6 
45 38/7 35/3 42/6/5 42/2 
4.9.3 Instrumental Factors 
In microscopical work, especially microscope 
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photometry, proper equipment adjustment and 
alignment are critical if instrumental error 
is to be avoided. Great care should be taken 
to adjust the optical system and the light source 
to get a good image and avoid glare. Glare 
or unwanted light in the image arises from re-
flection at optical interfaces or from scattering 
at lens mounts and at impurities or dust in 
optical parts including the specimen.. (26) 
Measurement should never be made on areas on 
the sample close to the edge 
bright spot. Such a bright 
to the photometer a measuring 
to that from the photometric 
or any defect or 
spot may produce 
value additional 
field. For the 
same reason care should be taken to reduce outside 
light or stray light. Outside light is the 
light that does not take the regular way through 
the microscope. It may enter the system through 
any space where the optical train is not closed. 
The effects of outside light can be suppressed 
by rendering the system light-tight and operating 
in subdued room lights. 
-- - - -----------------
1. WICZKOWSKI J.C. 
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CHAPTER 5 
STUDY OF INDUSTRIAL MIXING VARIABILITY 
5.1 INTRODUCTION 
The first stage in 
products is mixing 
range of additives 
the manufacture 
of the polymer 
and fillers. 
of rubber 
and a wide 
Successful 
mixing operations mean· less problems with down 
stream processes and product performance. In 
industry mixing is mainly done in internal mixers 
and roll mills as discussed in section 1.2. 
Apart from achieving a satisfactory dispersion 
and distribution of ingredients, the mixing 
operation aims at producing batches which vary 
from each other as little as possible. This 
means that the mixing operation must be well 
controlled and monitored. with good monitoring 
techniques such as carbon black dispersion assess-
ment techniques one may avoid under or over 
mixing of batches, but it is the proper control 
of the mixing operation which will lead to the 
production of consistent batches required in 
increasing the efficiency of the rubber industry. 
Many control techniques have been suggested 
as discussed in section 1.4. In recent. years, 
wi th the increase in energy costs, and the need 
for automation the question of optimisation 
of the mixing process through proper control 
techniques has gained prominence. 
In order to assess 
the use of various 
the improvement derived 
control one 
from 
has 
to assess the decrease in mix 
techniques 
variability achieved 
through the use of such techniques. However, 
two basic facts have to be established prior 
to this. One is the variability occuring routine-
ly in industrial mixing installations. This 
is in order to provide a base-line against which 
to measure improvements in control resulting 
from implementation of new techniques. The 
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second important fact is the identification 
of the source of the observed variability. 
It is to answer these two basic questions that 
this study was undertaken. An additional object-
ive was to establish how the photometric technique 
fared compared to other methods in monitoring 
the industrial mixing process. 
5.2 POTENTIAL SOURCES OF MIX VARIABILITY 
Variability in rubber mixing can be attributed 
to the following sources: 
(1) Variation in raw material properties. 
(2) Errors in ingredients weighing. 
(3) Control of mixing cycle (2) , which can 
be further sub-divided into: 
(a) mastication variation 
(b) dispersive mixing 
(c) distributive mixing 
5.2.1 Raw Material Properties Variability 
Variability in the properties of the raw materials 
which are mixed to make a rubber compound form 
one of the main sources of variability of the 
mixing process. For example, the consistence 
of the mixed compound will strongly be influenced 
by elastomer properties such as: (3) 
molecular weight (MW) and molecular weight 
distribution (MWD). 
microstructure and glass transition temper-
atures. 
degree and type of branching of the 
elastomer. 
Variations in filler properties such as: 
particle size and particle size distribution. 
filler particle surface area. 
aggregate and structure formation. 
particle chemical activity. 
will influence the consistence of the mix. 
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variation in the properties of curing agents 
will, as well, introduce significant variability 
in the mix. 
5.2.2 Errors in Ingredients Weighing 
Weighing of minor ingredients is mainly done 
manually, especially by the general rubber goods 
manufacturers. The effect of weighing errors 
increase with the decrease in the proportion 
of the ingredient being weighed. The sources 
of manual weighing errors 
scale accu racy, spillage 
feeding and also losses 
Significant quantities of 
are operator mistakes, 
in transit and in 
in the mixer throat. 
high viscosity oils 
and plasticisers are left in containers. in which 
they are weighed. 
Automatic weighing and 
(e. g. carbon black) 
feeding of 
is becoming 
bulk fillers 
wide-spread 
in the rubber industry. 
main sources of errors are; 
In such systems the 
( 4 ,5 ) 
(1) Segregation of ingredients in conveying 
and bulk storage. In storage hoppers the 
particles compact under their own weight 
forming lumps and agglomerates which cause 
problems in conveying. 
(2) Some of the particles especially of the 
narrow particle size 
bridges and rat holes at 
distribution 
the base of 
form 
the 
( 3 ) 
discharge chute. 
Some of the inorganic bulk 
are sensitive to moisture 
fillers, which 
clog together 
and some stick to the sides of conveying 
channels. 
The automatic weighing, metering and injection 
of oils and plasticisers is now being used by 
some industries and reduces considerably the 
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weighing errors. 
5.2.3 Control of Mixing Cycle 
The effects of various process variables on 
mix uniformity have been widely investigated 
by several workers, among them; Boonstra and 
Medalia (6), Freakley and Idris (7), 
Dizon (8), Freakley and Basir (9), Q'Connor 
and Putman (10), Van Buskirk, Turetzky and 
Gunberg (11 ) and many others. Various control 
techniques and dumping criterias have been dis-
cussed in section 1.4. It suffices to mention 
here that in order to reduce batch to batch 
variability the mixing cycles must be accurately 
and consistently controlled. 
5.3 MIXING INSTALLATION MONITORING 
In order to establish the level of variability 
occuring routinely in industrial mixing systems, 
two production mixing installations were mon-
i tored: 
(1) A general rubber products company - company 
A. 
(2) A tyre manufacturing company company 
B. 
Random samples were taken from batches at partic-
ular stages in the mixing route. Several proper-
ties of the samples were measured and the normal 
in-batch and batch-to-batch variation established 
for each mixing stage. 
5.3.1 Company A 
Layout 
The equipment is installed on two floors in 
the factory, with the upper floor housing the 
internal mixer (No.ll Banbury) and material 
handing accessories. The weighing and delivering 
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of carbon black is done automatically and monitor-
ed by a computer. The weighing 
ients and the rubber is done 
of minor ingred-
manually on the 
to the mixer by lower floor and transported 
conveyor. The formulation and all the mixing 
is kept on the computer 
the start and the end of 
process information 
which also monitors 
the mixing cycle. 
onto a conveyor bel t 
The internal mixer dumps 
which then transports the 
batch to the two roll mill on the lower floor. 
The two roll mill is fitted with the stock blender 
and together they provide further dispersion 
and refinement. After the two roll milling, 
the compound is cut in strips, fed through a 
cooling device, sprinkled with anti-tack powder 
and stacked up ready for storage. 
Formulation 
A general purpose compound for torch case mould-
ings was selected for monitoring. The selection 
was done in consultation with the company based 
on the compound which presented problems with 
down stream processing in the past and the one 
with a planned production over the following 
two to three months, thus allowing periodic 
variation to be identified. 
The formulation was based on the following mater-
ials: 
1) SBR 1502/1778 (blended) 
2 ) Carbon black (sterling and Philblack) 
3 ) White fillers 
4 ) Zinc Oxide 
5 ) Stearic acid 
6 ) Accelerators 
7 ) Anti-oxidants 
8 ) Sulphur 
9 ) Oil 
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Altogether 17 raw materials were involved. 
Weighing 
The ingredients are 
into tins labelled 1 to 
weighed mainly 
4 as follows: 
manually 
1) TIN 1 Activators, Anti-oxidants and 
2 ) TIN 2 some white fillers. 
3 ) TIN 3 White fillers only. 
4 ) TIN 4 Accelerators and SUlp~ur . 
5 ) TIN 5 Carbon blacks were weighed and 
fed automatically. 
Mixing Cycle 
The mixing cycle is manually controlled by the 
operator. The order of addition of ingredients 
in the internal mixer is as shown below. 
Material Time of Addition (min. ) 
1) Polymers 0 
2 ) TIN 1 2 
3 ) TIN 2 and 1;2 the oil 3 
4 ) TIN 3 and 1;2 the oil 41/.2 
5 ) Carbon black 51;2 
6 ) TIN 4 - Accelerators 61/.2 
7 ) TIN 4 - Sulphur 8 
8) Dump 81/.2 
The 
and 
mixing cycle 
the order of 
was controlled by mixing 
addition of ingredients. 
time 
The 
dump criteria was mixing time (81;2 minutes). 
The compound was then dropped on 
and the stock blender and mixed. 
two roll mills 
The 
here was also controlled by operators. 
mixing 
Milling 
times of 5 to 8 minutes were noted. 
Sampling 
Eight samples were taken from random locations 
within each batch:-
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1) Immediately after discharge from the internal 
mixer (one pass through the mill to sheet 
it out). 
2) After milling. 
This was carried out at irregular intervals 
over a period of three months. Seven batches 
numbered 44, 50, 52, 
rise 
70, 77, 102 and 
to a total of 7 
109 
x 8 
were 
x 2 sampled, giving 
= 102 samples. with the help of company product-
ion personnel, the performance of these batches 
in down stream processes 
was also monitored. 
(injection moulding) 
Testing 
A. Monsanto 
according 
Oscillatory 
to B.S.1673 
disc Rheometer 
Part 10. 
cure temperature 153°C 
Arc 3° 
Range 100 
Time scale 12 min. 
traces: 
B. Hardness: according to B.S.903 Part A26. 
Test piece moulding 
for 15 min. 
temperature 153°C 
Test piece diameter = 29mm 
Test piece thickness = 12mm 
C. Specific gravity: according to B.S.903 
Part Al. 
D. Carbon Black dispersion: Photometric system, 
Version I as described in chapter 3. 
Standard set at 65 units 
Cured samples 
Four fields per sample 
Analysis of Variance (12) 
The objective of analysis of variance is to 
split variation in 
separate components 
different sources 
the measured responses into 
that can be attributed to 
e.g. batch-to-batch variation, 
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in-batch variation (between samples within the 
batch) and variation due to measurement error. 
Consider the general situation in which there 
are b batches, k samples being taken from each 
batch and ~ repeat analytical tests being carried 
out on each sample. Let: 
o 2 
variance of the analytical 0 = error 
'12 
= variance of the sampling error 
022 = variance between batches 
The repeat analysis on each sample differ because 
of testing error only, and variance within samples 
give an estimate of 0 0 2 . 
= E (y_ys)2 
bk (n-l) 
where y = an observation 
ys = sample mean 
(5.1) 
The variance of the mean of the n repeat tests 
on each sample due to an analytical error is 
o 2 
o in. The ~ sample means from each batch will 
differ also because ()f the sampling error 
0 12, and since sampl ing and testing errors are 
independent their variances are additive and 
the variance of each sample mean is a 12+ ''0 '2 In. 
• a 2 0 2 
.. 1 + 0 In ( - 2 E. ys-yb) ....... . = (5.1) 
b (k-:l) 
where yb = batch mean 
The means of the k samples per batch, will have 
a variance of (0, 12 + 0 0 2 In) Ik due to sampl ing 
and testing errors. These means are subject also 
to the variance a 2 2 between true batch means, 
giving 0 22 +. 0 12 Ik + 0 0 2 Ink for the variance 
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between the observed batch means. 
• • • (J 22 + (J 1 2/k + (J 0 2/ kn = 
( 5.3 ) 
where y = mean of all observations 
The r.h.s. of equations (5.l), (5.2) and (5.3) 
is known as the mean square. The numerator 
gives the sum of square and the denominator 
the degrees of freedom, (D.F.). 
In summary, the following mean squares estimates 
the indicated quantities: 
(J 0 2 + . 2 kn (J 2 2 (M.5·)2 --., fj"l + 
(J 2 n (J 12 (M.5. )1 --~ 0 + 
(M.5. )0 --~ (J 0 2 
In order to establish whether the assignable 
causes have resulted in real variation or whether 
the apparent variation ascribed to them is the 
resul t only of the chance causes which produce 
the error variations, tests of significance 
have to be made. 
(13) were used. 
To this end, the F-Tables 
Fl = (M. 5. i / (M. 5. ) 0 ••••.••• (5. 4 ) 
F.2 = ( M . 5. )2 / ( M . 5. ) 1 ........ (5. 5 ) 
If Fl is greater than the tabulated value we 
conclude that there is a sampling error, if 
not, we may assume that (J 1 2 is negl igible. 
the tabulated value If F2 is greater than 
conclude that there is 
ation, if not, we may 
ligible. 
we 
real batch-to-batch vari-
assume that (J 22 is neg-
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The above paragraphs have introduced in general 
terms the theory of the analysis of variance 
required to treat the data from the tests. 
The statistical analysis itself was performed 
using GENSTAT (14) , a standard statistical 
computer package, through its 'ANOVA' routine 
(15) • 
this 
The GENSTAT programme 
Appendix 
written to achieve 
is shown in C. The programme 
computes the respective means, the mean square 
and the degrees of freedom. The variances 
were manually computed using equations 5.1 to 
5 . 3 and significance tested using equations 
5.4 to 5.5. 
Results 
The two mixing stages sampled (Pre milling and 
Post milling) were analysed separately and the 
resul ts are 
5.1 to 5.14. 
presented' separately, in 
To aid visualisation of the 
Tables 
variances, the results are also presented in 
chart forms similar to 'control charts'. 
Discussion of Results 
All the tests performed indicated 
batch-to-batch variation and in-batch variation. 
With the exception 
measurements which 
in-batch variation 
of carbon 
indicated 
(F I < the 
black dispers{on 
no significant 
tabulated value) 
after milling of batches. Scorch time for the 
pre milling samples was 
by batch-to-batch and 
almost equally influenced 
in-batch variations. 
Milling improves the 
nificantly, but does 
in-batch variation sig-
not improve batch-ta-batch 
variations. Cure rate measurements showed a 
rather high level of batch-to-batch and in-batch 
variations before and even after mill ing. Cure 
time measurements showed the in-batch variations 
to be higher than the batch-to-batch variations 
before and after milling. Again, milling improved 
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the in-batch variations but not the batch-to-
batch variation. 
Milling after internal mixing is primarily to 
improve dispersion and refinement of the mix. 
Lack of improvement in batch-to-batch variation 
after milling suggests that batch-to-batch uni-
formity may not be seriously influenced by dis-
persion but by variation in raw materials and 
errors in weighing of the ingredients. Having 
said this, it is also 
there is no significant 
dispersion after milling. 
partly the batch-to-batch 
important to note that 
improvement in black 
This suggests that, 
variation may well 
be aggravated by poor internal mixing. Consider-
ing the age of the internal mixer this may well 
be true. 
SCORCH TIME (MIN. ) 
PRE-MILL 
SAMPLE 1 2 
BATCH 
44 3.75 3.88 
50 4.40 3.90 
52 4.0 4.10 
70 4.2 4.15 
77 3.5 3.50 
102 4.5 3.60 
109 4.1 4.20 
GRAND MEAN 4.05 
BATCH 44 50 
4.09 4.15 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION 
BATCH 
BATCH SAMPLE 
EST. 
cr B 
cr S 
F2 
Fl 
ST. DEVIATION 
= 0.216 
= 0.22 
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Table 5.1 
3 4 5 
3.88 4.50 4.25 
4.00 3.90 4.00 
3.75 3.75 3.95 
4.10 4.30 4.25 
3.25 3.90 3.75 
4.30 4.60 4.20 
4.20 4.10 4.20 
52 70 
3.94 4.21 
DF 
6 
49 
Calculated 
8.70 
6 7 8 
4.00 4.48 4.00 
4.40 4.20 4.40 
4.60 4.20 3.80 
4.30 4.15 4.20 
3.20 3.80 3.80 
4.50 4.30 4.20 
4.00 4.10 4.00 
77 102 109 
3.59 4.28 4.11 
MS 
0.4212 
0.04842 
C.V.% 
5.33 
Tab. (5% , 1%) 
2.34 3.29 
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Table 5.2 
POST-MILL SCORCH TIME (MIN. ) 
SAMPLE 1 2 3 4 5 6 7 8 
BATCH 
44 4.00 4.05 3.80 3.88 3.88 3.80 4.06 3.95 
50 3.70 4.00 4.00 4.00 3.90 3.80 3.90 3.90 
52 3.88 4.13 3.75 4.00 4.13 3.88 4.06 3.88 
70 4.10 4.30 4.15 4.20 3.95 4.30 4.30 4.00 
77 4.40 4.40 4.60 4.60 4.50 4.50 4.50 4.50 
102 3.45 3.50 3.50 3.60 3.60 3.65 3.70 3.70 
109 4.40 4.30 4.30 4.20 4.30 4.40 4.20 4.20 
GRAND MEAN 4.04 
BATCH 44 50 52 70 77E 102 109 
3.92 3.90 3.96 4.16 4.50 3.59 4.29 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF MS 
BATCH 6 0.7113 
BATCH SAMPLE 49 0.01129 
EST. ST. DEVIATION C.V.% 
tJ B = 0.296 7.31 
tJ S = 0.106 2.61 
Calculated Tab. (5% , 1%) 
F2 63.0 2.34 3.29 
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Table 5.3 
CURE RATE INDEX 
PRE-MILL 
SAMPLE 1 2 3 4 5 6 7 8 
BATCH 
44 20.00 19.53 20.00 20.00 25.00 23.53 16.95 23.53 
50 17.86 18.52 18.86 19.23 18.87 18.18 20.00 19.23 
52 17.86 18.8717.24 18.69 19.05 19.61 18.69 18.87 
70 22.22 24.10 22.22 22.22 22.00 24.39 21.51 22.22 
77E 20.00 20.83 lB.02 17.24 20.20 19.61 20.83 21.74 
102 21. 28 25.64 22.73 21.74 26.32 20.83 27.73 22.22 
109 19.23 20.00 20.00 20.40 19.61 19.61 19.61 18.87 
GRAND MEAN 20.60 
BATCH 44 50 52 70 77E 102 109 
21.07 18.84 18.61 22.61 19.81 23.56 19.67 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION OF MS 
BATCH 6 28.76 
BATCH SAMPLE 49 2.654 
EST. ST. DEVIATION C. V. % 
o·B ~ 1. 806 8.77 
o S ~ 1. 629 7.91 
Calculated Tab. (5% , 1%) 
F2 10.84 2.34 3.29 
Fl 
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Table 5.4 
POST-MILL CURE RATE INDEX 
SAMPLE 1 2 3 4 5 6 7 8 
BATCH 
44 20.70 28.98 27.82 22.88 20.53 21. 28 20.49 25.00 
50 20.00 19.61 21.74 20.00 19.61 19.23 19.23 20.00 
52 25.84 21. 05 20.49 19.49 21. 65 20.53 17.76 20.53 
70 21. 27 21.27 22.47 23.80 24.10 25.00 22.73 21.74 
77E 21.28 21.74 18.52 22.73 21. 28 22.22 21. 28 21.28 
102 19.80 21.28 20.41 21.28 20.41 20.62 21.74 21.28 
109 25.61 25.07 24.35 23.81 22.70 23.21 23.81 23.81 
GRAND MEAN 21.90 
BATCH 44 50 52 70 77E 102 109 
23.46 19.93 20.92 22.80 21.29 20.85 24.05 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF MS 
BATCH 6 18.89 
BATCH SAMPLE 49 3.207 
EST. ST. DEVIATION C. V. % 
crB = 1.4 6.39 
crS = 1. 79 8.17 
Calculated Tab. (5% , 1%) 
F2 5.89 2.34 3.29 
Fl 
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Table 5.5 
CURE TIME (MIN. ) 
PRE-MILL 
SAMPLE 1 2 3 4 5 6 7 8 
BATCH 
44 8.75 9.00 8.88 9.50 8.25 . 8.25 10.38 8.25 
50 10.00 9.30 9.30 9.10 9.30 9.90 9.20 9.60 
52 9.60 9.40 9.55 9.10 9.20 9.10 9.55 9.10 
70 8.70 8.30 8.60 8.80 8.80 8.40 8.80 8.70 
77E 8.50 8.30 8.80 9.70 8.70 8.30 8.60 8.40 
102 9.20 7.50 8.70 9.20 8.00 9.30 8.70 8.70 
109 9.30 9.20 9.20 9.00 9.30 9.10 9.20 9.30 
GRAND MEAN 8.98 
BATCH 44 50 52 70 77E 102 109 
8.91 9.46 9.32 8.64 8.66 8.66 9.20 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF MS 
BATCH 6 0.9659 
BATCH SAMPLE 49 0.195 
EST. ST. DEVIATION C.V.% 
C1 B = 0.3104 3.46 
as = 0.442 4.92 
Calculated Tab. (5% , 1%) 
F2 4.95 2.34 3.29 
Fl 
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Table 5.6 
POST-MILL. CURE TIME (MIN. ) 
SAMPLE 1 2 3 4 5 6 7 8 
BATCH 
44 8.83 7.50 7.50 8.25 8.75 8.50 8.88 7.95 
50 8.70 9.10 8.60 9.00 9.00 9.00 9.10 8.90 
52 7.75 8.88 8.63 9.13 8.75 8.75 9.63 8.75 
70 8.80 9.00 8.60 8.40 8.10 8.30 8.70 8.60 
77E 9.10 9.00 10.00 9.00 9.20 9.00 9.20 9.20 
102 8.50 8.20 8.40 8.30 8.50 8.50 8.30 8.40 
109 8.30 8.30 8.40 8.40 8.70 8.70 8.40 8.40 
GRAND MEAN 8.66 
BATCH 44 50 52 70 77E 102 109 
8.27 8.93 8.78 8.56 9.21 8.39 . 8.45 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF MS 
BATCH 6 0.8942 
BATCH SAMPLE 49 0.1235 
EST. ST. DEVIATION C.V.% 
cr B = 0.31 3.58 
cr S = 0.3514 4.06 
Calculated Tab. (5% , 1%) 
F2 7.24 2. 34 3.29 
Fl 
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Table 5.7 
MAXIMUM TORQUE (lb-in) 
PRE-MILL 
SAMPLE 1 2 3 4 5 6 7 8 
BATCH 
44 65.0 62.5 58.7 49.30 51. 0 51. 0 48.10 51. 0 
50 50.0 56.0 55.0 61.0 58.9 54.20 60.50 54.20 
52 64.8 60.30 62.0 66.30 63.5 66.0 62.0 66.30 
70 61. 3 63.30 62.5 61.50 61. 50 60.0 63.80 63.20 
77E 58.8 59.5 63.0 45.50 56.5 63.0 58.80 57.00 
102 51. 8 61. 0 52.4 49.70 54.5 51. 80 52.40 56.50 
109 55.0 56.0 56.2 56.50 57.0 56.0 54.0 55.10 
GRAND MEAN 57.73 
BATCH 44 50 52 70 77E 102 109 
54.58 56.22 63.90 62.14 57.76 53.76 55.75 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF MS 
BATCH 6 119.2 
BATCH SAMPLE 49 15.29 
EST. ST. DEVIATION C.V.% 
aB ; 3.604 6.24 
as ; 3.910 6.72 
Calculated Tab. (5% , 1%) 
F2 7.79 2.34 3.29 
Fl 
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Table 5.8 
POST-MILL MAXIMUM TORQUE (lb-in) 
SAMPLE 1 2 3 4 5 6 7 8 
BATCH 
44 60.5 55.80 56.90 53.90 54.90 57.00 61. 0 63.0 
50 56.5 57.80 58.30 57.80 59.40 59.50 59.3 59.3 
52 62.0 61.80 65.20 58.80 61. 80 64.30 62.8 64.3 
70 60.0 58.80 59.00 59.50 60.30 58.30 58.8 61.0 
77E 48.0 50.00 48.00 47.50 49.30 48.00 47.9 47.9 
102 56.0 54.50 55.20 54.30 54.80 54.70 54.2 54.8 
109 51. 0 51. 00 50.70 50.80 49.90 49.90 50.0 50.0 
GRAND MEAN 
BATCH 44 50 . 52 70 77E 102 109 
57.88 58.49 62.63 59.46 48.33 54.81 50.41 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF MS 
BATCH 6 209.5 
BATCH SAMPLE 49 2.559 
EST. ST. DEVIATION C.V.% 
(J B = 5.086 9.08 
(J S = 1. 60 2.86 
Calculated Tab. (5% , 1%) 
F2 81. 87 2.34 3.29 
Fl 
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Table 5.9 
SPECIFIC GRAVITY 
PRE-MILL 
SAMPLE 1 2 3 4 5 
BATCH 
44 1. 36 1. 39 1. 38 1. 38 1. 38 
50 1. 40 1. 40 1. 40 1. 40 1. 40 
52 1. 39 1. 40 1. 39 1. 40 1. 39 
70 1. 38 1. 38 1. 38 1. 39 1. 39 
77E 1. 36 1. 37 1. 36 1. 37 1. 36 
102 1. 40 1. 39 1. 39 1. 39 1. 39 
109 1. 38 1. 37 1. 38 1. 38 1. 38 
GRAND MEAN 1. 38 
BATCH 44 50 52 70 
1. 38 1. 40 1. 39 1. 38 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION 
BATCH 
DF 
6 
49 BATCH SAMPLE 
EST. 
F2 
Fl 
Os 
Os 
ST. 
= 
= 
DEVIATION 
0.0123 
0.007 
Calculated 
22.2 
6 
1. 38 
1. 40 
1. 40 
1. 39 
1. 36 
1. 40 
1. 38 
77E 
1. 36 
7 8 
1. 38 1. 38 
1. 41 1. 41 
1. 38 1. 39 
1. 39 1. 36 
1. 37 1. 36 
1. 39 1. 39 
1. 39 1. 39 
102 109 
1. 39 1. 38 
MS 
1.126 E-3 
5.067 E-5 
C.V.% 
0.89 
0.51 
Tab. (5% , 1%) 
2.34 3.29 
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Table 5.10 
POST-MILL SPECIFIC GRAVITY 
SAMPLE 1 2 3 4 5 6 7 8 
BATCH 
44 1. 38 1. 38 1. 38 1. 38 1. 38 1. 39 1. 39 1. 39 
50 1. 40 1. 40 1. 40 1. 40 1. 41 1. 40 1. 40 1. 40 
52 1. 39 1. 40 1. 40 1. 40 1. 40 1. 40 1. 39 1. 39 
70 1. 39 1. 39 1. 39 1. 38 1. 39 1. 42 1. 40 1. 39 
77E 1. 36 1. 38 1. 38 1. 36 1. 36 1. 36 1. 37 1. 39 
102 1. 39 1. 39 1. 38 1. 39 1. 39 1. 39 1. 39 1. 39 
109 1. 39 1. 38 1. 38 1. 38 1. 39 1. 38 1. 39 1. 39 
GRAND MEAN 1. 39 
BATCH 44 50 52 70 77E 102 109 
1. 38 1. 40 1. 40 1. 39 1. 37 1. 39 1. 38 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF MS 
BATCH 6 9.055 E-4 
BATCH SAMPLE 49 4.736 E-5 
EST. ST. DEVIATION C.V.% 
aB = 0.0104 0.75 
as = 0.0069 o ~ 496 
Calculated Tab. (5% , 1%) 
F2 19.12 2.34 3.29 
Fl 
>< 
E-< 
H 
12 1. 4
1.41 11 
1.40 10 
~ 1. 39 
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CD 
Ul 
HARDNESS (IRHD) 
PRE-MILL 
SAMPLE 1 
BATCH 
44 58.35 
50 55.00 
52 63.00 
70 58.70 
77E 54.40 
102 62.50 
109 58.60 
GRAND MEAN 
BATCH 44 
2 
59.50 
.53.15 
60.75 
59.45 
54.00 
66.00 
62.00 
59.00 
50 
58.16 56.54 
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Table 5.11 
3 4 5 6 7 8 
57.25 57.90 59.30 57.10 56.80 59.10 
54.65 55.75 56.55 57.50 62.50 57.25 
64.00 62.50 63.50 60.75 62.00 62.75 
58.90 58.65 57.95 59.25 61. 00 58.80 
52.95 56.00 53.10 55.55 56.15 52.25 
62.25 61.65 66.40 63.00 65.50 63.40 
60.25 58.00 58.56 57.30 56.25 57.50 
52 
62.52 
70 
59.09 
.77E 102 109 
54.30 63.84 58.56 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION OF MS 
BATCH 6 172.8 
BATCH SAMPLE 48(1) 5.941 
BATCH SAMPLE REPLIC 51(5) 0.7488 
EST. ST. DEVIATION C. V. % 
(J B = 3.229 5.47 
(J S = 1. 61 2.73 
(J E = 0.865 1. 47 
Calculated Tab. (5% , 1 % ) 
F2 29.10 2.34 3.29 
Fl 7.93 1. 69 2.11 
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Table 5.12 
POST-MILL HARDNESS (IHRD) 
SAMPLE 1 2 3 4 5 6 7 8 
BATCH 
44 58.30 55.90 57.90 56.55 55.20 55.55 55.85 56.70 
50 57.00 55.00 53.75 53.65 54.00 55.00 54.25 57.50 
52 61.40 62.00 61. 25 61.50 61. 00 62.00 61.50 61.00 
70 58.05 57.40 57.35 58.75 56.85 58.15 57.65 57.80 
77E 55.90 56.90 55.25 55.55 56.45 56.00 55.50 55.60 
102 61. 25 61.50 61. 75 62.00 61.50 60.50 60.50 61.30 
109 55.50 56.20 57.00 55.10 54.75 54.25 55.50 54.30 
GRAND MEAN 57.60 
BATCH 44 50 52 70 77E 102 109 
56.49 55.02 61. 46 57.75 55.89 61. 29 55.32 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF MS 
BATCH 6 118.6 
BATCH SAMPLE 49 1. 535 
BATCH SAMPLE REPLIC 52(4) 0.195 
EST. ST. DEVIATION C.V.% 
er B = 2.705 4.70 
as = 0.819 1. 42 
CT E = 0.44 0.76 
Calculated Tab. (5% , 1%) 
F2 77.26 2.34 3.29 
Fl 7.87 1. 69 2.11 
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Table 5.13 
CARBON·BLACK DISPERSION (ARBITRARY UNITS) 
PRE-MILL 
SAMPLE 1 2 3 4 5 6 7 8 
BATCH 
44 65.25 66.75 65.00 66.25 63.50 64.25 63.50 64.38 
50 65.50 67.50 68.00 66.25 65.75 66.25 64.63 62.00 
52 67.43 68.13 68.75 67.75 68.75 66.00 68.13 64.50 
70 63.75 64.50 61.75 62.50 62.75 64.50 64.13 63.50 
77E 61. 75 62.00 61.75 64.75 63.13 62.25 61. 25 66.25 
102 65.25 63.75 67.00 65.25 64.50 65.25 66.63 64.00 
109 63.93 63.38 63.25 65.00 64.50 62.75 62.88 65.75 
GRAND MEAN 64.78 
BATCH 44 50 52 70 77E 102 109 
64.86 65.73 67.43 63.42 62.89 65.20 63.93 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF MS 
BATCH 6 76.00 
BATCH SAMPLE 47(2)* 8.074 
BATCH SAMPLE REPLIC 162(6)* 2.989 
EST. ST. DEVIATION C.V.% 
a B 
= 1. 456 2.25 
(] S = 1.127 1. 75 
a E = 1.728 2.67 
Calculated Tab. (5% , 1%) 
F2 
Fl 
9.41 
2.70 
* indicates number of missing 
values in the raw data 
2.34 3.29 
1.39 1.59 
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Table 5.14 
CARBON BLACK DISPERSION 
POST-MILLING (ARBITRARY UNITS) 
SAMPLE 1 . 2 3 4 5 6 7 8 
BATCH 
44 57.5 59.25 58.75 61.50 58.38 62.00 59.50 58.75 
50 60.35 58.50 56.75 61.25 60.75 60.13 59.13 60.75 
52 59.75 61. 63 61.25 62.63 61.75 58.00 59.63 63.63 
70 62.5 61.75 65.25 62.25 63.50 62.75 66.50 65.00 
77E 61. 5 63.25 61.50 62.50 63.38 61. 63 63.50 62.25 
102 62.25 62.00 62.75 61. 25 62.00 63.25 61. 00 60.25 
109 62.00 59.88 61.75 61. 00 63.25 63.75 61.75 59.75 
GRAND MEAN 61. 40 
BATCH 44 50 52 70 77E 102 109 
59.45 59.70 61. 03 63.69 62.44 61.84 61.64 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION DF MS 
BATCH 6 71. 36 
BATCH SAMPLE 49 8.295 
BATCH SAMPLE REPLIC 168 7.253 
EST. ST. DEVIATION C.V.% 
-
aB = 1.404 2.29 
a-S = 0.510 0.83 
aE = 2.693 4.39 
Calculated Tab. (5% , 1%) 
F2 8.6 2.34 3.29 
Fl 1.14 1.39 1.59 
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Measurement error 
in-batch variation, 
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is one 
which is 
factor influencing 
however neglected 
when one observation is made per sample. In 
this 
the 
case, it is impossible 
variation attributable to 
to separate out 
different samples 
from the variation attributable to measurement 
error. As a result the sample variance will 
measure the total variation arising from both 
of these sources. This accounts for some of 
the high level of in-batch variations reported. 
Comparison of 
(fig. 5.7) with 
carbon black 
the rest of 
dispersion 
the charts 
chart 
(figs. 
5.2-5.6) shows that the photometric technique 
developed can monitor the mixing process equally 
well as other testing methods used here. The 
speed at which the results are obtained from 
this new technique and its accuracy (as estimated 
by the potential for replicate measurements) 
is indeed an advantage over other techniques. 
Follow up of the sampled batches indicated that 
all of them processed successfully and the prod-
ucts quality was acceptable. Assuming that 
our survey had no influence on the working of 
operators in the down stream processes (e.g. 
injection moulding), which in my opinion is 
a reasonable assumption to make, then it is 
quite clear that the process and the compound 
is so designed to tolerate a wide range of batch-
to-batch variations. This inevitably means 
increased production costs. 
On the whole the high level of variation in 
mixing for company A may be attributed to: 
1) Errors in weighing of ingredients especially 
the vulcanising agents (sulphur and acceler-
ators) . 
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2) Improper control of distributive as well 
as dispersive mixing. 
3) Variation in raw material properties. 
5.3.2 Company B 
Layout, Operation and Control 
Five stages may be identified in this mixing 
installation, namely: 
1) Internal mixing 
2 ) Festoon 1 
3 ) Dual Auto system 
4 ) Festoon 2 
5 ) Extruder 
The internal mixing system is very sophisticated 
and fairly automated. The polymer is, however, 
hand weighed and fed. Mixing is carried out 
by No. 11 Banbury/4 milling units. The 
Festooners and Dual Auto are further devices 
for better dispersion and refinement. The 
compound is finally extruded as breaker cushion 
on 150mm Troester pin Extruder. 
The control parameters include: 
1) Fairly automated weighing system 
2) Time and 
3) Energy controls 
Sampling 
One batch of compound, (based on carbon black 
filled N.R.) was sampled as follows: 
1) 10 Samples were taken at the end of the 
Festoon 2 (stage 4). 
2) 10 Samples were taken after the extruder 
(stage 5). 
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Stages 1 to 3 were not tested due to equipment 
problems and lack of time, and for the same 
reasons the opportunity to sample other batches 
was missed. However, the limited work done, 
suffices to meet part of the original objectives 
as shall be shown. 
Testing 
A. Monsanto Rheometer (ODR) traces 
Time Chart 
Range 
Temperature 
30 min. 
100 
160°C 
B. Tensile Strength: According to B.S.903 Part 
A2, using TS002 J. J. Tensile testing machine 
fitted with SOON load cell. 
C. Hardness Testing: According to B. S. 903 Part 
A26. 
Test piece moulding temperature 160°C 
for 30 min. 
Test piece thickness - 6mm. 
D. Carbon Black dispersion: Photometric System, 
version I, as described in chapter 3. 
Results 
Standard set at 65 units. 
Cured samples. 
Four fields per sample. 
Here again the analysis 
separately for the two 
2 and Extruder). The 
in Tables S.lS to 5.24 
S .14. 
of variance was done 
Discussion of Results 
mixing 
results 
and in 
stages (Festoon 
are presented 
Figures S. 8 to 
The five-stage mixing process in Company B ensures 
a fair degree.. of uniforrni ty at the extruder IS 
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end. Generally, the coefficient of variation 
was lower at the extruder's end than at the 
Festoon 
evident 
one may 
2. In cases 
by passing the 
rightly suggest 
where no improvement was 
mix through the extruder, 
that the mix had received 
sufficient work input necessary for efficient 
mixing so that the particular property would 
not be able to monitor any improvement. In 
other words the measurement error was higher 
than the in-batch variation. On the whole 
one can say that the mixing controls of Company 
B ensures more efficient mixing. 
Table 5.15 Scorch Time (min.) 
Sample Festoon 2 Extruder 
1 11.50 10.0 
2 11. 25 11.0 
3 11.25 9.75 
4 10.25 10.25 
5 10.50 10.75 
6 10.75 11.00 
7 11. 50 10.50 
8 10.00 11.25 
9 10.00 10.50 
10 10.00 10.25 
Mean 10.7 10.53 
5.0. 0.632 0.478 
C.V.% 5.91 4.54 
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Table 5.16 Cure Rate Index 
Sample Festoon 2 Extruder 
1 7.70 8.70 
2 8.00 8.70 
3 8.16 8.00 
4 7.70 8.50 
5 7.84 8.00 
6 7.02 8.70 
7 7.84 8.51 
8 7.27 8.70 
9 7.27 8.70 
10 7.27 8.88 
Mean 7.607 8.54 
5.0. 0.376 0.303 
C.V.% 4.94 3.55 
Table 5.17 Cure Time (min. ) 
Sample Festoon 2 Extruder 
1 24.5 21.50 
2 23.75 22.0 
3 23.50 22.25 
4 23.25 23.0 
5 23.25 23.25 
6 25.00 22.50 
7 24.25 22.25 
8 23.75 22.75 
9 23.75 22.00 
10 23.75 21.50 
Mean 23.88 22.3 
5.0. 0.556 0.587 
C. V. % 2.33 2.63 
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Table 5.18 Maximum Torque (lb-in) 
Sample Festoon 2 Extruder 
1 84.0 84.0 
• 
2 84.9 84.0 
3 84.5 84.20 
4 82.7 84.10 
5 82.8 83.50 
6 83.6 82.50 
7 84.0 83.90 
8 83.0 83.50 
9 83.6 83.50 
10 83.6 84.70 
Mean 83.67 83.82 
5.0. 0.713 0.579 
c. V. % 0.85 0.69 
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TENSILE STRENGTH (MN/M2 ) 
EXTRUDER 
Sample 1 2 
1 21. 85 20.60 
2 21.54 21.09 
3 21. 60 21. 07 
4 21.89 21.69 
5 22.08 21.59 
Mean 21. 8 21.21 
GRAND MEAN 21.64 
ANALYSISOF VARIANCE 
SOURCE OF VARIATION 
BATCH SAMPLE 
BATCH SAMPLE REPLIC 
EST. ST. DEVIATION 
(J S 
(J E 
F2 
Fl 
0.315 
0.605 
3 
21.24 
21. 46 
21.43 
22.48 
22.56 
21. 83 
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Table 5.19 
4 
21. 64 
21.40 
21. 62 
20.93 
22.54 
21. 62 
5 
22.14 
21.47 
21. 43 
21.88 
21.70 
21.72 
6 
21. 30 
22.16 
21.91 
20.55 
20.57 
21. 30 
D.F. 
9 
40 
Calculated 
2.36 
7 
21.53 
22.30 
21.53 
21. 37 
21.78 
21.70 
8 9 
21.36 21.91 
19.97 21.09 
21.16 22.72 
20.93 21.78 
21.20 22.06 
20.92 21.91 
10 
21.18 
23.69 
21.68 
22.80 
22.69 
22.41 
M. S. 
0.8633 
0.3659 
Tab. (5% , 1%) 
2.12 2.89 
TENSILE STRENGTH (MNLM2) 
FESTOON 2 
Sample 1 2 
1 20.78 21.33 
2 22.04 19.88 
3 21.64 21. 24 
4 20.92 21.60 
5 21.18 21.90 
Mean 21.31 21.19 
GRAND MEAN 20.95 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION 
BATCH SAMPLE 
BATCH SAMPLE REPLIC 
EST. ST. DEVIATION 
° S = 0.635 
0E = 0.633 
F2 
Fl 
3 
20.06 
20.65 
21.83 
21.48 
19.21 
20.65 
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Table 5.20 
4 
20.32 
20.06 
20.32 
20.28 
20.62 
20.32 
5 6 
20.20 19.56 
20.06 19.56 
20.46 20.05 
19.74 19.58 
19.83 20.26 
20.06 19.80 
D.F. 
9 
36(4) 
Calculated 
11.1 
7 
21.30 
20.29 
20.48 
20.65 
20.46 
20.64 
8 9 
19.88 '23.05 
20.94 23.24 
20.20 22.18 
20.06 21.72 
21.42 22.26 
20.50 22.49 
--
10 
23.52 
23.27 
22.66 
21.85 
22.39 
22.54 
M.S. 
4.437 
0.4007 
Tab. (5 % , 1 % ) 
2.12 2.89 
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HARDNESS (IHRD) 
EXTRUDER 
Sample 1 2 
1 63 63 
2 63 63 
Mean 63 63 
GRAND MEAN 63.52 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION 
BATCH SAMPLE 
BATCH SAMPLE REPLIC 
EST. ST. DEVIATION 
a S = 0.360 
a E = 0.251 
F2 
Fl 
3 
63.2 
63.5 
63.5 
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Table 5.21 
4 
63.8 
64 
63.9 
5 
63.5 
63.2 
63.35 
6 
63.2 
63.2 
63.2 
D.F. 
9 
10 
Calculated 
3.12 
7 8 
63.0 64 
64 64 
63.5 64 
9 
64 
64 
64 
10 
63.8 
64 
63.9 
M.S. 
0.3224 
0.0630 
Tab. (5% , 1%) 
3.02 4.94 
HARDNESS (IHRD) 
FESTOON 2 
Sample 1 2 3 
1 64 64 64 
2 64 64 63.6 
Mean 64 64 63.80 
GRAND MEAN 63.27 
ANALAYSIS OF VARIANCE 
SOURCE OF VARIATION 
BATCH SAMPLE 
BATCH SAMPLE REPLIC 
EST. ST. DEVIATION 
as = 0.363 
aE = 0.300 
F2 
Fl 
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Table 5.22 
4 
64 
63.50 
63.75 
5 
64 
63.50 
63.75 
6 
64 
63.50 
63.75 
D.F. 
9 
10 
Calculated 
15.6 
62 
62 
62 
7 8 
62 62 
62.5 62 
62.25 62 
9 10 
63.8 
63 
63.40 
M. S. 
1.405 
0.09 
Tab. (5% , 1 %) 
3.02 4.94 
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Table 5.23 
CARBON BLACK DISPERSION INDEX 
EXTRUDER 
Sample 1 2 
1 44 44 
2 43 45 
3 44 43 
4 42 44 
Mean 43.25 44 
GRAND MEAN 43.97 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION 
BATCH SAMPLE 
BATCH SAMPLE REPLIC 
EST. ST. DEVIATION 
as = 0.822 
aE = 1.02 
F2 
Fl 
3 4 
44 45 
44 44 
42 42 
44 44 
43.50 43.75 
5 
46 
47 
45 
44 
45.50 
6 
45 
44 
44 
42 
43.75 
D.F. 
9 
30 
Calculated 
3.6 
7 
44 
44 
43 
44 
43.75 
8 9 
42 46 
43 46 
42 44 
42 45 
42.25 45.25 
10 
43 
45 
46 
45 
44.75 
M.S. 
3.747 
1. 042 
Tab. (5 % , 1 % ) 
2.21 3.07 
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Table 5.24 
CARBON BLACK DISPERSION INDEX 
FESTOON 2 
Sample 1 2 3 
1 42 40 42 
2 40 40 . 42 
3 42 40 
4 42 42 
Mean 41.50 40.50 
GRAND MEAN 40.25 
ANALYSIS OF VARIANCE 
SOURCE OF VARIATION 
BATCH SAMPLE 
BATCH SAMPLE REPLIC 
EST. ST. DEVIATION 
as = 1.171 
aE = 1.378 
F2 
F1 
41 
44 
42.25 
4 
40 
41 
42 
42 
41.25 
5 6 
40 42 
42 40 
42 40 
42 37 
41. 50 -39.75 
D.F. 
9 
30 
Calculated 
3.89 
7 
36 
40 
40 
42 
39.50 
8 
40 39 
38 37 
40 38 
39 38 
39.25 38 
9 10 
38 
38 
40 
40 
39 
M.S. 
7.389 
1. 900 
Tab. (5%, 1%) 
2.213.07 
4 ) 
>:: 4 4 
fiI 
Cl 
:z: 
H 
:z: 
0 
H 
Cl) 4 
~ 
r-12 f--
fiI 
Il< 
Cl) 
H 
Cl 
c-1= 
:><; 4 '0t- -
u j 
It1 
:z: 
0 3 It1 18 
~ 
..; 
u 
36 1 t-
14 3
1 2 
FESTOON 2 EXTRUDER 
1 j 
I- ,.-
1\ \ 1\ 
:-~-~\ V "-< +--- I-- It-
f---
~ ~ i, r r----H---
r ..., r -~ r-+- 1--- I, -- ~-
If ~ L 
- ---
3 4 5 6 7 8 9 10 1 2' 3 4 5 6 7 8 
SAMPLES 
Fig. 5.14 In-Batch variation in Carbon Black Dispersion Index (Company B) 
I.., 
--
-.-
7 
l' 
9 
1\ 
r'-
1-
N 
I-' 
o 
211 
5.4 DISTRIBUTIVE MIXING PERFORMANCE OF INTERNAL MIXERS 
Results discussed in section 5.3.1 (e.g. high 
level of in-batch variabil i ty etc.) strongly 
suggested distributive mixing as one of the 
sources of variations in industrial mixing 
installations. It was decided at this point 
to design a set of experiments to explore further 
the performance of industrial mixers as regards 
distributi ve mixing. The approach decided upon 
was to use the uniformity of sulphur distribution 
throughout rubbermixes subjected to a range 
of rotor revolutions (mixing times) as a measure 
of the distributive mixing performance of an 
industrial internal mixer. The mixer used was 
the Farrel Bridge F40 (40 litres mixing chamber 
capacity) . 
5.4.1 Experimental Scheme 
The experiment was divided 
PART 1 To investigate 
into two parts: 
effects of time of 
mixing sulphur (number of rotor revol-
utions) on compound uniformity. 
PART 11 - To investigate the effect of mixing 
sulphur at the same number of rotor 
revolutions 
at varying 
(30 
time 
rotor revol utions ) 
and rotor speed. 
The formulation used for these experiments was 
as follows: 
EPDM 
Carbon Black 
oil 
Sulphur 
Accelerators and 
other minor additives 
pphr. 
100 
180 
100 
2.5 
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Mixing Parameters: 
Fill Factor 
Ram Pressure 
Water Temp. 
Rotor Speed* 
Mixing Seguence 
l. All powelers and oil 
except sulphur. 
2. Rubber. 
3. SUlphur. 
PART I: 
0.75 
0.6 MPa 
25°C 
40 rpm 
Time of Addition (sec.) 
O. 
60 
180 
After adding sUlphur mixing continued for the 
following times.** 
Batch Mixing Time ( sec. ) No. of Rotor Revolutions 
1 15 10 
2 30 20 
3 45 30 
4 60 40 
5 75 50 
6 90 60 
7 120 80 
PART II: 
After adding sulphur the rotor speed was changed 
to: 
Batch Rotor SEeed (rpm) DumE Time ( sec. ) 
1 20 90 
2 30 60 
3 40 45 
4 50 36 
5 60 30 
* Initial rotor speed. 
** Times refer to time after final ram down. 
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Sampling 
Each batch was passed once through the mill 
nip to give a relaxed sheet thickness of about 
lOmm. Eight samples were taken randomly from 
well spaced locations so as to be representative 
of the sulphur distribution throughout the batch. 
5.4.2 Testing 
Sulphur distribution in the batches was estimated 
by measuring cure characteristics using a Monsanto 
Oscillatory disc Rheometer (ODR). 
5.4.3 Results 
The cure characteristics derived from the ODR 
traces are scorch time, cure rate, cure time 
and maximum torque. 
PART I 
The batch mean values and the corresponding 
coefficient of variations are given in Tables 
5.25 to 5.28. The mean values and the coefficient 
of variations are also plotted against number 
of rotor revolutions (figs. 5.15 and 5.16). 
PART II 
All Part 11 results are presented in Tables 
5.29 to 5.32. These tables show the batch means, 
standard deviations, and the coefficient of 
variations. 
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Table 5.25 Scorch Time (min. ) 
No. of Rotor 
Revolutions 10 20 30 40 50 60 80 
Sample 
1 4.1 2.5 2.3 2.0 2.4 1.5 2.8 
2 3.2 2.6 2.3 1.9 2.4 1.5 2.7 
3 3.1 2.7 2.2 2.0 2.7 2.3 2.7 
4 3.5 2.5 2.2 2.1 2. 3 1.7 2.7 
5 2.7 2.6 2.3 2.4 2.2 1.4 2.6 
6 2.8 2.5 2.4 1.9 2.4 1.4 2.8 
7 2.8 2.6 2.3 2.1 2.4 1.4 2.8 
8 2.7 2.6 2.2 2.2 2.4 2.1 2.6 
Mean 3.11 2.56 2.28 2.08 2.4 1.66 2.710 
5.0. 0.488 0.071 0.071 0.167 0.141 0.35 0.083 
C.V.(%) 15.70 2.74 3.10 8.02 5.88 21.1 3.80 
Table 5.26 Cure Rate (lb-in/min. ) 
No. of Rotor 
Revolutions 10 20 30 40 50 60 80 
Sample 
1 5.88 8.80 9.89 8.07 10.46 8.81 9.29 
2 7.50 9.11 9.89 8.07 10.46 8.25 9.09 
3 7.57 8.88 10.43 8.17 9.40 8.23 9.20 
4 5.50 8.96 10.43 8.43 10.35 8.79 9.09 
5 7.52 9.11 10.43 8.75 10.27 7.86 9.29 
6 8.12 8.80 10.28 7.92 10.35 7.82 8.8 
7 7.60 9.06 10.43 8.54 10.35 8.20 9.27 
8 8.85 9.06 10.43 8.48 10.46 8.19 9.29 
Mean 7.32 8.97 10.28 8.30 10.26 8.27 9.17 
5.0. 1.107 0.132 0.244 0.287 0.355 0.368 0.171 
C.V.(%) 15.12 1. 47 2.37 3.46 3.46 4.44 1. 86 
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Table 5.27 Cure Time (min. ) 
No. of Rotor 
Revolutions 10 20 30 40 50 60 80 
Sample 
1 9.2 8.6 8.7 8.6 8.5 8.4 8.9 
2 8.8 8.6 8.7 8.6 8.7 8.3 8.9 
3 8.8 9.5 8.2 8.5 8.7 8 .5 9.1 
4 9.1 8.5 8.8 8.6 8.6 8.3 9.1 
5 8.8 8.8 8.8 8.5 8.6 8.2 9.1 
6 8.7 8.6 8.8 8.6 8.7 8.0 9.5 
7 8.7 8.8 8.7 8.3 8.7 8.5 9.1 
8 8.6 8.6 8.7 8.6 8.7 8.5 9.1 
Mean 8.84 .8.75 8.68 8.54 8.65 8.34 9.1 
S.D. 0.207 0.321 0.198 0.106 0.076 0.177 0.185 
C.V.(%) 2.34 3.67 2.28 1. 24 0.87 2.12 2.03 
Table 5.28 Maximum Torque (lb-in) 
No. of Rotor 
Revolutions 10 20 30 40 50 60 80 
Sample 
1 32 44 45.9 44.5 45.5 54 44.5 
2 39 43 45.9 44.5 46.0 58.4 44.5 
3 39.5 43.7 46.6 44.5 45.5 43.6 44.4 
4 34 43.5 47.8 44.8 46.6 49.5 44.0 
5 39.5 44 47.1 45.6 47.5 57.1 45.0 
6 40.8 43.5 45.9 44.5 47.0 57.2 43.8 
7 40.0 43.8 47.0 45.0 46.5 52.9 43.4 
8 41. 4 43.6 47.1 45.0 47.5 44.5 44.0 
Mean 38.28 43.63 46.66 44.8 46.51 52.15 44.2 
S.D. 3.387 0.325 0.777 0.393 0.803 5.753 0.499 
C.V.(%) 8.85 0.745 1. 52 0.877 1. 73 11.03 1. 73 
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Table 5.29 Scorch Time (min. ) 
Rotor Speed (rpm) 20 30 40 50 60 
Sample 
1 2.6 2.1 2.3 2.1 1.8 
2 2.5 2.1 2.3 2.0 1.9 
3 2.5 2.1 2.2 2.0 1.8 
4 2.5 2.2 2.2 2.3 2.0 
5 2.4 2.1 2.3 2.0 2.0 
6 2.6 2.3 2.4 2.0 1.9 
7 2.5 2.3 2.3 2.0 1.9 
8 2.5 2.4 2.2 1.9 1.9 
Mean 2.51 2.2 2.28 2.04 1.9 
S.D. 0.064 0.119 0.071 0.119 0.076 
C.V.(%) 2.55 5.43 3.10 5.82 3.98 
Table 5.30 Cure Rate (1 b- in/min. ) 
Rotor Speed (rpm) 20 30 40 50 60 
Sample 
1 9.17 8.2 9.89 10.41 9.22 
2 9.17 8.42 9.98 10.10 9.52 
3 9.17 8.57 10.43 9.52 9.11 
4 9.13 8.42 10.43· 10.31 9.18 
5 10.0 8.47 10.43 10.20 8.85 
6 10.0 8.57 10.28 10.10 9.52 
7 9.51 8.42 10.43 9.71 9.42 
8 9.33 8.42 10.43 9.81 9.52 
Mean 9.38 8.43 10.28 10.02 9.29 
S.D. 0.300 0.115 0.244 0.300 0.245 
C.V.(%) 3.20 1.36 2.37 3.09 2.63 
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Table 5.31 Cure Time (min. ) 
Rotor Speed (rpm) 20 30 40 50 60 
Sample 
1 8.7 8.4 8.7 8.6 8.5 
2 8.8 8.5 8.7 8.6 8.3 
3 8.8 8.6 8.2 8.6 8.5 
4 8.6 8.5 8.8 8.6 8.7 
5 8.7 8.5 8.8 8.7 8.8 
6 8.8 8.6 8.8 8.7 8.7 
7 8.7 8.7 8.7 8.6 8.5 
8 8.1 8.7 8.7 8.6 8. 5 
Mean 8.65 8.56 8.68 8.63 8.56 
S.D. 0.233 0.115 0.198 0.046 0.160 
C.V.(%) 2.69 1. 36 2.28 0.54 1. 87 
Table 5.32 'Maximum Torgue (lb-in) 
Rotor Speed ( rpm) 20 30 40 50 60 
Sample 
1 42.8' 42.0 45.9 50.0 49.0 
2 43.0 42.0 45.9 50.0 48.1 
3 43.0 42.6 46.6 50.0 50.0 
4 43.6 42.6 47.8 48.2 47.8 
5 44.2 42.6 47.1 48.8 48.0 
6 43.0 43.0 45.9 49.5 49.4 
7 44.2 43.9 47.0 50.0 48.5 
8 45.0 42.8 47.1 50.0 49.2 
Mean 43.6 42.69 46.67 49.56 48.75 
S.D. 0.793 0.603 0.711 0.700 0.775 
C.V.(%) 1.82 1. 41 1. 52 1.41 1. 59 
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5.4.4 Discussion of Results 
Since no replicate measurement on samples was 
done, the measurement 
can 
error (which is significant 
not be separated from the on ODR traces) 
sampling error. 
a certain amount 
This inevitably introduces 
of error and has to be kept 
in mind when looking at the results. 
Mean scorch and cure times decrease with increas-
ing rotor revolutions, while cure rate and maximum 
torque increases (fig. 5.15). The Rheometer 
cure characteristics 
by mix heat history. 
are seriously influenced 
During part of each rotor 
revol ution of the mixer, a portion of the rubber 
is sheared between the nogs and blades projecting 
from the rotors and the walls of the chamber. 
As the clearances are small the shear rates 
are high, there is considerable heat build up. 
As the time of mixing or the number of 
revolutions increases so also will the 
build up increase. This will affect cure 
characteristics. 
rotor 
heat 
With 10 rotor 
not experienced 
adequate for 
revolutions, the compound has 
sufficient laminar shear mixing, 
uniform· distribution of sulphur 
and, therefore, 
of the batch is 
the 
high. 
of variation decreases 
coeff icient of variation 
In general the coefficient 
rapidly until about 40 
rotor revolutions when ·it levels off, indicating 
that the optimum distribution of sulphur has 
been reached (fig. 5.16). With 60 rotor revolut-
ions, heat builds up causing some scorching 
and pre·.c,ure. This affected the cure character-
istics. The coeff icient of variation increases 
not due to uniform distribution of sulphur but 
due to scorching consequent upon unequal temper-
ature rise within the mix. 
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Part 11 results show that there are no significant 
effects of time or rotor speed on sulphur distrib-
ution. All the batches show low coefficient 
of variations. It may be said then that for 
a well controlled internal mixer, uniform sulphur 
distribution is achieved after about 40 rotor 
revolutions regardless of time or rotor speed. 
It may also be concluded that distributive mixing 
in the internal mixer is rapid and not likely 
to be a limiting factor in industrial mixing. 
Further work carried out by Ekhorutomwen (1 ),-
on a small BR Laboratory internal mixer (1.5 
litre capacity) showed similar results indicating 
that the mixer size has no significant effect 
on uniformity 
more important 
system of the 
of mixing. What, however, is 
is how efficient the cooling 
mixer is. For a large capacity 
mixer, heat build up can be quite high during 
mixing and heat transfer is strongly dependent 
on the mixer design. For a small internal mixer, 
the temperature of the material can be strongly 
influenced by external cooling which results 
in easier mixing temperature control. 
1. EKHORUTOMWEN S.A. 
MSc. Thesis 
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CHAPTER 6 
MIXING PROCESS STUDIES 
6.1 INTRODUCTION 
Several internal mixing process variables are 
known to influence the dispersion of carbon 
black in rubber, as discussed in chapter 1. 
Recent studies (l) , have conf irmed this and 
shown further that there are interdependences 
between the variables. Such interactions between 
variables have been studied using factorial 
experiment design (FED) techniques (2) , where 
variables of interest are tested at two or more 
levels. 
In this chapter, the influence of three main 
process variables will be investigated, namely, 
rotor speed, mastication energy and mixing energy. 
Rotor speed controls the deformation taking 
place in the mixer, the energy consumed as well 
as the batch temperature. On-going research 
into the use of microprocessors and computers 
(3) to control the internal mixing process 
has indicated that variable speed mixing may 
be exploited to operate the internal mixer at 
the mixing cycle. 
the mixing process 
optimum conditions throughout 
Another important aspect of 
which has received less formal investigation 
of the base polymer is the effect of viscosity 
at the time of adding carbon black on its eventual 
dispersion. It is generally believed that carbon 
black dispersion is best when viscosity of the 
elastomer is highest, because of higher shear 
forces. This has led to the practice where 
processing oils that reduce viscosity are added 
after the carbon black has dispersed resulting 
in significant increase in overall mixing times, 
on the other hand tough elastomers like NR need 
mastication before the addition of compounding 
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Lowering viscosity facilitates ingredients. 
fast black incorporation and thus allowing more 
dispersion. Therefore, not only the time for 
effects of the mixing unit work but also the 
of unit work at which carbon black and effects 
curatives are added on mix properties will be 
investigated. 
6.2 EXPERIMENTAL DESIGN 
An experimental design is a formalised experiment-
al plan. In this study, factorial experimental 
design 
will be 
and multivariate regression analysis 
used. These techniques have been widel y 
used in the chemical engineering industries 
to optimise multivariable processes, and have 
also been applied to rubber compound design 
under the general name of 
( 4 ) • More recently, they 
'computer 
have been 
compounding' 
successfully 
used to study the internal mixing process (2,4,5, 
6,7). The background and theory of Factorial 
Experimental Design is well documented in refer-
others and will not be ences (8-12) among 
discussed in detail here. 
A variety of designs exists' ranging from a full 
factorial, through fractional repl icates of 
full factorials to a number of special purpose 
designs 
selected 
(lOl A central composite design was 
for this study. It is buil t up from 
a complete two 
design giving 
.all . the main 
imated. In 
level and three variable factorial 
2 3 = 8 mixing trials, allowing 
or first order effects to be est-
order to estimate the quadratic 
e f f ect s ( response 
of the variables, 
is supplemented by 
versus variable curvature) 
the full factorial design 
'star' points. The 'star' 
points extend the experimental space by increasing 
and decreasing the highest and lowest variable 
levels respectively. Their levels are calculated 
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by the following equation: 
The 
a = + 
K/4 2 •.••...••• (6.1) 
where k = number of experimental variables 
a = star point level 
In this case k = 3, hence a = + 1.68 
choice of 'star' points variable level 
equation ( 6 .1 ) ensures rotatabil i ty, that 
the reI iabil i ty of a predicted response 
be constant at a constant distance from 
from 
is; 
will 
the 
centre of the design. The design is argumented 
further by three replicate points at the centre 
of the design (centre points) which provide 
for the estimates of experimental errors. 
The experimental design is summarised in Table 
6.1. The use of coded values is adopted in 
order to give equal weighting to the independent 
variables, whose real level differ in magnitude 
and units. Also the use of coded 
ies the regression analysis of 
functions. The actual values of 
values simplif-
the resul ting 
variables are 
given in Table 6.2. Figure 6.1 illustrates 
the experimental design adopted schematically. 
6.3 SELECTING VARIABLE LEVELS 
As mentioned above, three independent variables 
will be used in this study. The remaining 
variables will be held constant at the following 
levels: 
Fill factor = 0.7 
Ram pressure = 0.414 MPa 
Circulating water temperature = 40°C 
These levels have been independently established 
as optimum mixing conditions for the mixer 
(2,3). The levels of rotor speed and mixing 
227 
Table 6.1 Experimental Design Matrix 
Exp. S M D 
No. r.p.m. KJ/M3 KJ/M3 
1 -1 -1 -1 
2 +1 +1 -1 
..; 3 +1 -1 +1 ftl 
..... 
I-< 4 
0 
-1 +1 +1 
+' 5 -1 -1 +1 u 
ftl 
~ 6 +1 +1 +1 
7 +1 -1 -1 
8 -1 +1 -1 
9 -1.68 0 C 
Ul 10 0 -1.68 0 +' 
c 
..... 11 0 0 -1.68 0 
'" 12 +1.68 0 0 
I-< 
III 
+' 
13 0 +1.68 0 
Ul 14 0 0 +1.68 
15 0 0 0 
QJ Ul 
I-<+' 16 0 0 0 
+' C 
c· .... 17 0 0 0 QJ 0 
U'" 18 0 0 0 
Key: S = rotor speed 
M = mastication unit work 
D = mixing unit work 
unit work were similarly selected based on experience 
and consulatations ( 3 ) . The aim was 
around their established'optimum levels or 
used in industry. (Mastication energy 
work for the addition of carbon black 
to vary them 
those normally 
level s ( unit 
and curatives) 
were selected after carrying out a short experiment 
to study the decrease in viscosity with increasing 
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mastication energy. 
Five batches of NR were masticated under set 
experimental conditions for varying unit energy. 
The Mooney viscosity (13 ) of the raw polymer 
and the masticated batches were then measured 
and plotted against mastication energy as shown 
+Q 
A---+-------~ +1 
-Q +Q 
V3 
·1 ~-----_+-~~ 
Fig. 6.1 Schematic Representation of Composite 
Design 
in fig. 6.2. It was decided to vary mastication 
energy levels between 100-400 MJ /m 3. equivalent 
to mastication time of 0.75-3.0 min. In this 
range there is a significant change in the viscos-
ity of the rubber. 
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Table 6.2 Values of Variables 
Code -1.68 -1 0 1 1.68 
Rotor Speed S (rpm) 20 30 45 60 70 
Mastication Energy M (MJ/m 3 ) 0 100 250 400 500 
Mixing Energy D (MJ/m3 ) 332 400 500 600 668 
6.4 EXPERIMENTAL 
6.4.1 Formulation 
The rubber compound was based on Natural Rubber 
SMR 20. The full list of the compound formulation 
is given in Table 6.3. 
Table 6.3 Compound Formulation 
INGREDIENTS pphr. wt 7 (grms.) 
NR SMR 20 100 780 
Carbon Black lSAF (N220) 45 351 
Processing Oil 5 39 
Zinc Oxide 5 39 
Stearic Acid 3 23.4 
Antioxidant 2 15.6 
Sulphur 2 15.6 
MOR Santocure 1.2 9.36 
PVl (cure retarder) O. 2 1. 56 
163.4 1274.52 
6.4.2 Mixing Equipment 
The mixing experiments 
Banbury internal mixer 
were performed in a 
(1.5L capacity). 
Lab. 
The 
mixer is equipped with a variable speed drive 
and a cooling water temperature control system. 
It is also equipped with a power integrater, 
batch temperature thermocouple and watt-meter 
for 
for 
power recording. 
addition of carbon 
A separate 
black and 
side hopper 
other small 
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ingredients is provided. 
6 .. 4.3 Mixing and Experimental Procedure 
The following procedure was strictly followed 
when mixing every batch. It was also made sure 
that the mixer was clean and at the right temper-
ature. 
(1) Cut the rubber in small pieces of about 
3 x 2 x 4 cm. 
( 2 ) Weigh up all small 
and carbon black. 
powders, polymer, oil 
(To ease handling, oil 
was weighed in small and very thin polythene 
bags which were dropped in the mixer during 
mixing) . 
(3) Set or check the circulating water temper-
ature and the ram pressure. 
(4) Mix well all small powders and carbon 
black and load them into the hopper. 
(5) Select the experiment, according to the 
random number table. 
(6) Identify terminal power integrater clock 
numbers and the rotor speed. 
(7) Check timer reads zero. 
(8) Start the mixer. 
(9) Introduce the rubber. 
(10 ) Ram down. 
(11) Start timer, power integrater starts auto-
matically. 
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(12) Check speed quickly. 
(13) At prescribed energy level, raise the 
ram, allow carbon black and other ingred-
ients, add oil and then lower the ram. 
(14) Dump at a given energy level. 
time and temperature. 
Note the 
(15) Sheet batch, by passing through the mill 
at 3.5 rpm and nip of 4mm twice. 
(16) Identify batch and store sample in the 
(17 ) 
freezer for TMS Rheometer testing. Store 
the rest for 24 hrs. and perform cure 
tests (ODR), to obtain cure time for the 
batch. 
Cure samples 
in hydraul ic 
for time to 
press and 
90% crosslink, 
quench samples 
in water at rr..om temperature to prevent 
further vulcanisation taking place. 
6.4.4 Testing 
The following tests were performed on all the 
batches mixed: 
(1) Mooney Viscosity (13 ) • (ML2 + 5 (100°C)) 
(2) Tensile strength (14). 
( 3 ) 300% Modulus (14 ) (parallel samples) 
( 4 ) Cure tests with the Monsanto Oscillating 
Disc Rheometer (ODR) (15) . 
(a) Cure temperature 150 
(b) Arc 3° 
(c) Range 100 and chart motor 24 
6.4.5 
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(5) Hardness (16) 
(a) Test piece moulding tempera·ture 
150°C 
(b) Test piece thickness 
(6) Carbon Black dispersion. 
Version I of· the photometric system 
developed was used, see section 3.4 
and Appendix A. 
62%. 
(7) Rebound Resilience. 
(8) Rheological Testing. 
Standard set at 
A prototype Sondes Place TMS Rheometer 
was used to measure the rheological 
properties. For test procedures 
and theoretical background see section 
6.4.5. 
Rheological Testing 
A prototype Sondes Place 
schematically in fig. 6.3 
TMS rheometer, shown 
( 4) , 
measure rheological properties. 
was used to 
This is a 
variable speed bi -conical rotor machine, giving 
an approximately uniform shear rate through 
-out the test sample. The closed cavity and 
transfer cylinder arrangement permit a precise 
control of hydrostatic pressure and enable the 
test cavity to be closed prior to the injection 
of rubber, ensuring that the clearances between 
cavity and rotor remain constant from test to 
test. 
As with Mooney Viscometer, the influence of 
thixotropy on the flow properties of filled 
rubber mix can be overcome by taking measurements 
after an approximately 
is achieved. However, 
constant torque level 
during testing of NR 
mixes, the constant torque level was not achieved 
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and measurements were taken at the point on 
the chart 
curve as 
eliminated 
where 
shown 
stress 
n 
the tang~t departed from the 
in fig. 6.4. This procedure 
overshoot errors which varied 
depending on shear strain rate values. 
In addition 
and 40 5-1 
to giving a flow curve between 0.1 
the rheometer is also capable of 
measuring wall sl ip velocities and stress relax-
ation. The stress relaxation behaviour was 
measured by stopping and clamping the rotor, 
shear rate of after a conditioning run at a 
10 5 -1 , and then recording the decay in torque 
determination of with respect to time. The 
slip velocities was not carried out in this 
study. 
Q 
x 
r 
Fig. 6.3 Schematical Diagram of Biconical 
Rotor of the TMS 
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Fig_ 6.4 TMS - Stress Time Curve 
Fig.ure 6.3 shows a schematic diagram of the 
biconical rotor of the TMS rheometer. The basic 
equations may be delivered as follows: (17) 
if = 
where w 
'" 
w •••••••••• (6.2) 
tan'" 
= 
= 
angular velocity of rotor 
cone angle 
and shear stress may be calculated as 
1: = ny = n w •••••••••• (6.3) 
tan", 
The total torque on the rotor, T, is the sum 
of the torque due to the double surface of the 
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cone, 2Tc, and due to the flow at the edges, 
Te, i.e. 
where 
and 
• 
• • 
note 
where 
then 
T = 
Tc = 
Tc = 
Te = 
T 
= 
Area = 
Te = 
Yz z-' = 
Vzz = 
Te = 
2Tc + Te ( 6 • 4 ) 
Ja T ( r) 2 x 2r dr 
0 
a 
2 'fIJ 2 ( 6 • 5 ) r T(rldr ................ 
0 
T . Area. a 
n.Y zz ' 
2 'flaY 
n Yz z. ~. 2'f1 aY. a 
Vzz = aw 
x x 
tip speed 
n aw. 2'f1a Y . a 
x 
from geometry, fig. 6. 3 
x = a tan '" 
• 
Te = 2m2Ynw ...................... (6.6) • • 
tan'" 
From equations (6.4), (6.5) and (6.6) the total 
torque may be expressed as: 
a 
T 2 { 2'f1 J 2 } + 2&2Y Ofll = r T(r)dr 
0 tl ex 
• 
a 
T 4 2 T(r)dr 2 ( 6.7 ) • • = 'fI Jr + 2'f1a Ynw ...... 
0 tan '" 
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Using equation 
equation (6.7) 
( 6.3 ) which assumes no slip, 
integrates to: 
T = 4 Tf a 3 rw + 2 Tfa 2y'W ••••••• ; ••..• (6.8) 
3 tan~ tan ~ 
Using equation (6.3) again, equation (6.8) reduces 
to: 
T = 4 Tfa2 T(a + 1.5Y) •••••••••••• (6.9) 
3 
In analysing the rheological data obtained from 
the TMS rheometer a modified Maxwell mode_l 
(18) , is adapted. 
model with powerlaw 
'G' 
i 
Figure 6.5 
dash pot. 
shows the Maxwell 
Fig. 6.5 Maxwell model with powerlaw dash pot 
From a flow curve and a stress relaxation plot 
(Appendix E), sufficient information is available 
to determine the parameters of the model. These 
parameters permit an easy comparison between 
rubber mixes and enable an assessment of behaviour 
in subsequent processes to be made (4). 
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The rheological equation of state for the model 
is defined by:-
d Y (total) 
dt 
= d Y (dash pot) + d Y (spring) .... (6 .. 10) 
dt dt 
For the dash pot the shear rate dy/dt is related 
to shear stress by the powerlaw equation. 
n {~} ••...•••.•••..•.... (6.11) 
dt 
and the Hookian behaviour of the spring is defined 
by: 
T = G Y ••••••••••••••••••••••••••• (6.12) 
substituting equation (6.11) 
equation (6.10) and recognizing 
and 
that 
(6.12) into 
sG (total) 
dt . t experl.men equals zero 
gives: 
{Yr }l/n 
no = 
in a stress relaxation 
1 d T •••••••••••••••••••••• (6.13) 
G dt 
The shear modulus G, can be found by the following 
route: 
f d T = 
T l/n 
on integration: 
~-(l-n)/n 
-(l-n)/n = 
G 
n l/n 
o 
G 
f dt ............. (6.14) 
. t + C (6.15) 
The constant of integration can be evaluated 
from T = T max. at 
arrangement: 
1 1 
t: (l-n)/n '( max. (l-n)/n 
t = 0 giving after re-
= (l-n). G. t ... (6.16) 
n l/n no 
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The term 1 is very small and may 
T max(l n)/n 
be neglected. 
On rearrangement: 
T = 
-(n/l-n) 
{ l-n. G } 
- (n/l-n) 
.t ...... (6.17) 
n no lln 
So, a plot of 10gT -v- Log t 
at ion plot) gives a negative 
and an intercept of: 
(the stress relax-
I 
slope of nl (l-n ) 
{(l-n)/n. GI l/n} - (n/l-n) from which 
no 
the shear modulus G can be obtained. 
Operating Procedure 
The. prototype version of the 50ndes Place TM5 
Rheometer available in the Insti tute (lPT) 
was microprocessor controlled. The programmes 
written to run both experiments (flow curve 
and stress relaxation) are listed below. For 
flow curve determination, the programme allowed 
the rheometer to run at the given shear rate 
for two minutes and then the next shear rate 
and so on. The shear rates used are 0.1, 0.4, 
1, 4, 10 and 35 5-1 . In the stress relaxation 
experiment the programme allowed the rheometer 
to perform a conditioning run at shear rate 
of 105-1 for two minutes, stop and the recorder 
recorded the decay in torque with respect to 
time. Fine resolutions on the time axis were 
obtained by selecting a high speed on the chart 
recorder. 
Other procedures were as follows: 
(a) Cut sample with jig. 
(b) Start programme. 
(c) Place sample in cavity* 
---'--------'-------- -- - -
(d) 
(e) 
( f ) 
(g) 
(h) 
( i ) 
* 
** 
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Compress by transfer ram* 
Allow 12 minutes pre-heat** 
. Allow the programme to run 
Load the next sample* 
Continue running until end* 
Clean rotors and start again. 
prompt, under programme control. 
only necessary for the first sample. 
Programme Listings: 
(a) Flow curve determination 
10 , LDl 
20 0.1 , 60, 100, STP 
30 o . 4 , 60, 100, STP 
40 1 .0 , 60, 100, STP 
50 4 . 0 , 60, 100, STP 
60 10, 60, 100, STP 
70 35, 60, 100, STP 
80 , LDN 
90 , END 
( b) Stress relaxion experiment 
10 , LDI 
20 10, 60, 100, STP 
30 90, 200, RLX 
40 , LDN 
50 , , END 
6.5 DATA ANALYSIS 
All the resul ts obtained from the mixing exper-
iments and subsequent tests are given in Table 
6.4. The mul ti-variate regression analysis 
of the results was accomplished with a statistical 
computer package designated GLIM ( release 3 ) 
(19). The programme correlates the results 
(dependent variables or responses) to the 
independent variables (i. e. rotor speed, mastic-
ation energy and mixing energy) by performing 
a regression analysis and then displays the 
E:-.-p_ ~. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1l 
12 
.!J 
14 
15 
,6 
" 
T 
sec. 
3.5 
375 
29~ 
570 
SSB 
480 
255 
.576 
606 
300 
285 
309 
.;80 
570 
375 
,35 
37S 
c 
·C 
75 
100 
105 
85 
85 
105 
., 
.-
75 
95 
aO 
105 
95 
g; 
95 
95 
90 
T = Mixing Time 
v 
r·" 
71 
63 
77 
65 
65 
62 
65 
6 • 
66 
'3 
61 
60 
65 
60 
66 
70 
66 
Ilb-~n/min 
15.9 -, 
15.4 
16.6 I 
15.6 
16.': f 
15.7 
16 .4 
15.7 
15.2 
15.6 
16.4 
H.S 
16.4 
14.9 
15.9 
H.9 
15.9 
C = Dump Temperature 
Table 6.4 
ST I HX 
min. lb-in 
4.2 
4.1 
3.2 
3.6 
3.3 
'.0 
,.0 
'.0 
4.0 
4.0 
3.9 
4.2 
.0 
3.9 
3.8 
3.4 
3.4 
I 62.5 81.0 
I 
85 
85 
, 
82.5 
83 5 
82 
7'1.5 
82 
85 
81 
81.5 
84 
80 
83.5 
a2.5 
85 
v Mooney Viscosity (ML2 + 5(lOO°C» 
Q = Cure Rate (lb-in/min.) 
ST = Scorch Time (tsl - min.) 
MX = Maximum/Plateau Torque 
MN = Minimum Torque 
Experimental Results 
N" 
Ib-in 
26.5 
21.5 
25 
22 
24 
21.5 
" 21.5 
2.:. 5 
25 
24.5 
22.2 
22.5 
21 
21.5 
23 
23 
Key 
H 
IRliD 
56 
54 
66 
62 
55 
55 
54 
52 
61 
58 
57 
59 
57 
54 
52 
55 
55 
ur 
/->:.s;m2 
25.5 
24.4 
31.1 
25 
25.5 
26.9 
2B.7 
29.8 
25.6 
26.7 
24.7 
25.2 
30.0 
2' .1 
26.3 
26.5 
26.4 
TC 
min. 
10.5 
10.6 
R 
, 
54.8 
54.5 
56.3 
56.1 
55.14 
54.8 
56.5 
55.9 
55 
55.5 
56.1 
54.8 
55.6 
PR 
, 
RV 
KPaS 
119.5 
150.7 
175.4 
162.2 
173 
158.1 
175_~ 
) SJ. ~ 
138. ; 
163.3 
162.8 
150.3 
14·.1.9 
N 
X10- 2 
7.8 
6.1 
8.9 
9.2 
7.8 
10.2 
B.9 
11.7 
9.0 
8.5 
9.7 
7.3 
7.0 
G 
RP. 
2859 
13H 
8000 
2358 
1778 
1453 
3201 
]020 
2551 
2268 
16:'2 
18S8 
3102 
9.6 
10 
9.4 
10.8 
10.1 
10.8 
10.6 
10.4 
10.0 
11.1 
10.1 
10.6 
10.] 
10.1 
9.7 
55.5 
57.1 
56.4 
56.7 
35.6 
32.4 
31 
3D 
28.6 
27 
27.6 
30.6 
33 
30.8 
35.8 
30 
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22 
26 
27 .2 
26.8 
I 1653 6.6 !':'.3 S 
I 1~6.2 7.1 }795 
1
1';-1 0 2 7.8 2682 
154.5 8.9 1126 
H = Hardness (IH~D) 
UT = Tensile Strength 
R = Rebound Res ilience 
PR = Dispersion Index 
TC =. Cure Time (t90% - min.) 
RV = Reference Viscosity 
N = Power Law Index 
G = Shear Modulus 
'" ...
I-' 
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following information, for each response. (19) 
i) It gives (a) the deviance, which is the sum 
of squares of residuals and (b) the degrees 
of freedom for each response. 
( ii) It lists the estimates of the coefficients 
of the polymial equation representing 
an approximate model of the process. 
It also provides the associated standard 
errors, permitting the significance of 
each coefficient to be assessed. This 
is done by dividing the estimates of each 
parameter by its standard error and if 
the ratio is greater than 2 (coefficient 
of significance. > ·95% in t - distribution 
tables), the terms are taken as statist-
ically significant. 
(iii) It lists the observed values of the measured 
(dependent) variable for each point in 
the experimental design as well as the 
corresponding fitted values as predicted 
by the model (al so known as the 1 inear 
predictor) and then calculates the differ-
ence between the observed and fitted values, 
named as residual. 
(iv) Further, a plot of the linear predictor 
versus the residuals is given which provides 
a rapid estimation as to whether or not 
the selected form of polynomial equation 
models the process behaviour adequately. 
This is done visually by checking how 
the points of the graph are scattered. 
If there is a random scattering of the 
points the model is adequate, otherwise 
inadequate. 
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6.6 RESULTS PRESENTATION 
So far all the experimental mixing trials have 
been done and tests performed on mixes to measure 
various properties (responses). For each response, 
a polynomial equation describing a response 
surface in three . geometrical dimensions has 
been obtained from GLIM, the statistical computer 
package. What is now required is a method of 
presenting such a response surface in a way 
that the effects of the independent variables 
on a given response can clearly be seen. To 
do this, a response surface methodology has 
been adapted. 
Response surface methods are used to answer 
a number of different questions; (8) 
(l) How is a particular response affected by 
a set of variables over some specified 
region? 
(2) What settings of the variables will give 
a product or process satisfying desirable 
specifications? 
(3) What settings of the variables will yield 
a maximum (or minimum) response, and 
what is the local geography of the response 
surface near this maximal (or minimal) 
value? 
Response surfaces are most often represented 
by contour or isometric plots. Contour plots 
will be used in this study because of their 
clari ty. Such plots enable the effects of the 
interaction between two mixer variables (the 
second 
Hied. 
be held 
order interactions) to be readily ident-
For each plot, the third variable will 
constant, at a given level. The effect 
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of changing the 
by making plots 
variabl e. In 
'held' variable may be analysed 
at different levels of the 'held' 
order to reduce the number of 
responses and plots to be presented and analysed 
only those which are statistically significant 
and which give rise to practically important 
variation in the measured responses, will be 
given. A short interactive computer programme 
utilising GINOSURF (20) and GINO-F (21) 
routines was developed to plot the contours. 
The programme listing is given in Appendix D. 
6.7 RESULTS AND DISCUSSIONS 
Table 6.4 gives the test results for all the 
experiments carried out, and table 6.5 gives 
the polynomial coefficients obtained from GLIM 
statistical package as discussed in section 
6.5. As expected total mixing time is affected 
by speed (22,23), mastication energy and mixing 
energy. Figure 6.6 shows the dependence of 
mixing time on speed and mastication energy 
at a constant mixing energy level. Dump temper-
ature is predominantly affected by rotor speed 
and mixing energy. Figures 6.7 and 6.8 show 
the dependence of Mooney Viscosity on the con-
trolled variables. Increasing both mastication 
and mixing energy reduces 
However, the increase is not 
It is suggested that this 
influence of curatives which 
batch together with carbon 
Mooney Viscosity. 
as high as expected. 
may be due to the 
were added in the 
black. The time 
the curatives were mixed seems to be a predominant 
uncontrolled variable. This view is confirmed 
by the fact that the cure characteristics appear 
to be marginally affected by the controlled 
variables. 
Carbon black dispersion is affected mainly by 
rotor speed and mixing energy. Mastication 
. 
Polynomial T C I V Q sr MX MN TC l1I' R Terms secs. ·C Nu 1bf-injrnin min ·lhf-in Ibf-in min l-tN/m2 , 
I 394.7+ 
, 
93.2+ 67.2+ 
, 
15.54+ I 3.55+ I 83.6+ 22.8+ ! 10.0+ 56.72+ CO{Grancl- I , , I 24.03 meanl I , I -84.1+ 8.5+ -0.98+ 
-0.12 0.04 0.09 
, 
0.43 0.09 20.9 -.03 Cl IS) , , ; , I i , 62.2+ -2.6+ i 0.07 -0.3 -1.26+ 0.15 -20.5 -.11 C2 IM) I 1.8 -0.04 I I c3 ID) i 61.0+ 2.94+ 0.17 ! -0.19 -0_16+ 0.68 -0.5 -0.09 20.82 -.01 ; , I 152) I , , 0.15+ -.6+ Cll 23.1 + -0.6 0.64 i -0.18 -0.6 I 0.17 0.25 7.58 I I I 1',2, , 0.11 + 0.31 0.0' 8.6 -.37+ C22 -0.8 , 1.1 1.13 0.23 0.' , (02) I -). 88+ 0.08 + -0.04 . 0.06 7.8 -.29+ c33 12.5 -1.5 O.ll -1.02 
Cl2 IS"') 7.5 -1.9 -1.5 -0.01 0.1 -0.25 0.13 0.1 -36.5 -.66+ 
C13 ISO) -7.5 1.9 -2.3+ -O.ll 0.05 0.0 0.38 0.2 36.2 -.88+ 
cn IHD) -18.8 3.12+ I -1.0 -0.06 0.15 0.63 0.25 0.1 -35.6 0.01 
.L....-. 
+ indicates coefficient significance > 95% 
Table 6.5 Polynomial Coefficients 
(Key - see Table 6.4) 
PR H i RV G 
I 
~ 
, lRHO KPaS KPa 
26.6+ I 54.1+ 147.4+ 1611+ 7.9+ 
-0.87 0.05 -1.02 32 
-0.72 
-1.1 -0.7 -8.1+ 
-102.7 0.20 
-2.4+ 1.2 -1.6 -126.6 
-0.2' 
1.93+ 1.87+ 4.1 -163.1 0.59 
0.41 0.98 4.7 281.9 O.ll 
1.01 0.28 '.6 -87.5 0.14 
0.55 -1.75 
-0.65 -31.4 
,-0.85 , 
0.7 I 0.5 I 0.65 -280 0.83 -0.3 ! -0.0 2.83 585+ I 0.20 
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energy appears to have very little influence 
on the eventual dispersion of carbon black. 
This is most probably because small particle 
size blacks as used in this study are easily 
incorporated, making the influence of mastication 
on carbon black incorporation time negligible. 
Figure 6.9 shows the dependence of dispersion 
on rotor speed and mixing energy, at a constant 
mastication· energy level. Increasing rotor 
speed improves dispersion up to an optimum speed 
beyond which there is no advantage of increasing 
speed. As expected (24) mixing energy (unit 
work) is the determining variable as far as 
carbon black dispersion is concerned. The optimum 
speed lies in the range 0 0.4 (coded value) 
depending on the level of mixing energy. The 
degree of carbon black dispersion in the experi-
mental window is high, and the fact that the 
differences in dispersion levels could still 
be detected is a credit to the measuring tech-
nique. This also raises some doubts to the 
appropriateness of the 
used in this study. 
levels of mixing energy 
It is suggested that the 
levels used were too high to allow the effects 
of less 
energy to 
Rebound 
important variables 
be detected. 
resilience 
like mastication 
small range. It 
results 
may be 
vary within a 
suggested then 
very 
that 
processing variables studied here do not influence 
significantly the rebound resilience values. 
The same comment may be made for the infl uence 
of these variables on hysteresis, since it has 
been shown that (27): 
tan 0 = (-lnR) ........ (6.18) 
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where R = % Rebound/lOO 
and tan Ii represents the fract-
ion of energy dissipated as 
heat during cyclic deformation 
and is proportional to 
hysteresis under "constant 
energy" conditions (25,26). 
Although some of the results obtained are statist-
ically significant, they are practically insignif-
icant to allow conclusive conclus,'ions to be 
made. 
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Fig. 6.7 Dependence of Mooney Viscosity on Rotor 
Speed and Mastication Energy at 
Constant Mixing Energy {D=~} 
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CHAPTER 7 
SUMMARY CONCLUSIONS AND SUGGESTIONS FOR 
FUTURE WORK 
7.1 SUMMARY AND CONCLUSIONS 
The development of an instrument to assess the 
degree of carbon black dispersion in rubber 
will lessen the demands on skilled personnel 
to do routine work, as well as reducing cost 
associated with such assessment. This study 
has been mainly concerned with development and 
ev"al uation of such an instrument. A review 
of previous work shows that different degrees 
of carbon black dispersion in rubber compounds 
could be objectively assessed by analysing the 
roughness of a freshly cut sample surface. 
In this study a dark field reflected light micro-
scopical technique has been used to image the 
sample surface and measure photometrically the 
intensity of light reflected or scattered at 
a fixed angle from the surface. The light intens-
ity being a measure of the surface roughness 
which in turn is related to carbon black dispers-
ion in the compound. It has been experimentally 
shown that over a wide range of practical import-
ance, there is a good correlation between 1 ight 
intensity and carbon black dispersion. 
Three versions of an instrument based on the 
above principle have been developed and success-
fully evaluated. The three versions differ 
only in their degree of sophistication and auto-
mation and would be expected to find application 
ranging from routine quality control to research. 
The prototype of Version I was made available 
to rubber products manufacturing firms 
uation. In general their evaluation 
the view that the instrument is a viable 
ive instrument for rapid assessment 
for eval-
confirmed 
inexpens-
of carbon 
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black dispersion in rubber, and that it may 
be commercially exploited. In Version Ill, 
the microscope was fitted with a motorised stage 
interfaced with a microcomputer to provide the 
following functions: stage control, photometer 
control, data acquisition, statistical 
data storage and results output. This 
analysis, 
resulted 
in increased sensitivity and more statistically 
signif icant results. Furthermore, the frequency 
-v- intensity plots obtained enables the operator 
to rapidly detect the differences between samples 
and the influence of artifacts on instrument 
results. The instrument developed was further 
used in the assessment of samples from the survey 
of industrial mixing installations and mixing 
process studies. In both cases the results 
were in agreement with other established test 
techniques. 
Study of the variability of industrial mixing 
installations showed that there is a signif icant 
batch-to-batch and in-batch variation in the 
general rubber goods mixing installation. This 
. is mainly due to errors in weighing of ingredients 
and the lack of proper control of mixing cycle. 
The mixing installation studied used an old 
No. 
thus 
11 Banbury 
the wear of 
mixer of 240 litres capacity, 
rotors and chamber wall cannot 
be ruled out as a possible cause of the variab-
ili ty. However, the mixing variability ident-
ified did not significantly affect the down 
stream processes nor the quality of the 
This is most probably due to the fact 
products. 
that the 
compound and down stream processes were designed 
to tolerate such a 
A study on the lines 
should occasionally be 
big range of variability. 
carried out in this study 
carried out on industrial 
mixing installations to check the deterioration 
of the machinery and the lax in the established 
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control procedures. On the other hand the variab-
ility of a mixing installation for a tyre manu-
facturing firm was minimal and insignificant. 
This was mainly due to process automation and 
proper control of the mixing cycle. Mixing 
experiments on the new Farrel Bridge F40 mixer 
showed that elimination of weighing errors and 
. proper control of the mixing cycle reduces sig-
nificantly the variability of the mixing process. 
The use of Factorial Experimental Design (FED) 
techniques proved to be helpful in mixing process 
studies. However, great care is needed in select-
ing the variables to be studied and their respect-
ive levels. The selected controlled variables 
should be more sensitive to the mixing process 
than the uncontrolled variables, otherwise the 
effects of uncontrolled variables will tend 
to mask those under control. Ai so FED is mainly 
suitable for laboratory studies where the cost, 
in terms of machine and personnel time and pro-
duction of under-specification batches, can 
be justified. In a full scale industrial mixing 
operation, 
like EVOP 
adopted. 
other experimental design 
(Evolutionary Operations) 
techniques 
should be 
It has been shown in this study that carbon 
black dispersion in rubber is predominantly 
influenced by mixing energy (unit work) and 
rotor speed. Mastication energy plays a less 
important role especially for high speed mixing 
and when mixing high reinforcing carbon blacks 
(small particle size) which are easy to incorpor-
ate. 
7.2 FUTURE WORK 
Future work is suggested in the following areas: 
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(a) Carbon black dispersion assessment instrument 
it is hoped that commercial manufacture 
of an instrument suggested in this study 
can start without need for much further 
work. However, attention should be paid 
to the ergonomic design of the instrument 
and reduction in its overall size, through 
the use of more compact components. For 
Version Ill, algorithms could be developed 
to test and match the frequency/intensity 
plots against standard or target plots. 
(b) Mixing process studies - more planned experi-
ments should be carried out to study the 
influence of process variables on carbon 
black dispersion. It should be mentioned 
that although in practice the very high 
degree of dispersion is not required, it 
is still advisable in such studies to 
establ ish conditions favouring such a high 
degree of dispersion. Then in practice 
a process could be started as for a I super 
dispersion I and stopped earlier rather 
than modify the conditions at the start. 
With the availability of such an instrument 
described in this study-, such an ambitious 
approach is now feasible. 
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APPENDIX A 
OPERATING INSTRUCTIONS (Numbers refer to Fig. 3.19) 
Prototype Carbon Black Dispersion Meter 
1. Introduction 
It has been experimentally established that the 
intensity of light scattered from a freshly cut 
rubber surface correlates well with the degree 
of carbon black dispersion in the compound. The 
Carbon Black Dispersion Meter (CBSM) is designed 
to quantify the 1 ight intensity and as such, the 
degree of carbon black dispersion, rapidly. The 
CBSM is built up of an inverted microscope set. 
up in a Dark Field Reflected Light mode with its 
own light source, a specially made microphotometer, 
a T.V. camera and monitor and a stabilised power 
supply. An Apple micro-computer (including disc 
drive, printer and monitor) is an option available 
for the characterisation of particularly poor dis-
persions. It is not anticipated that this will 
be necessary in routine plant use. 
These notes outline the regular operating procedure 
for the equipment but exclude installation adjust-
ments or servicing. 
2. Installation and start up 
The cable at the back of the unit connects the 
equipment to the 250V mains. The power is switched 
on by the centre switch (1) (Figure 1) and the 
swi tch on the photometer panel ( 2 ) swi tches on 
both the photometer and the stabilised power supply 
(3) . The key (4) on the SPS operates the micro-
scope lamp. The lamp current may be adjusted by 
a knob (6) on the SPS front panel. The T. V. 
camera is switched on by a push button (7) on 
the monitor panel (8). 
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2.1 Start up procedure 
1. Swi tch on power (unit fan will start). 
2. Switch on photometer and SPS. 
3. Switch on microscope lamp. 
This should be done at least 40 minutes 
before measurement commences to allow 
the system to fully stabilise. 
4. Switch on T.V. system. 
2.2 Care during start up 
It is recommended that the lamp is not switched 
'on' and 'off' repeatedly as this greatly 
reduces lamp life. 
3. Checking the Optical System 
Place the disc containing the 'standard' specimen 
(A) so that it locates in the hole in the microscope 
stage (9) • Operation of the focus control (10) 
over a small rotational range should produce an 
image (bright specks on a dark background) on the 
T.V. monitor unit (8). 
4. Photometer System Checking and Calibration 
4.1 Checking the electronics 
Press calibrate switch (11) 10% and 100% 
scale reading (12 ) should be obtainable 
according to the setting of switch (13) • 
4.2 Calibrating 
The photometer reading is then adjusted to 
give a reading of about 65% with the standard 
specimen (A). This is achieved by unlocking 
and adjusting the rheostat on the power supply 
unit. Re-lock the control after adjustment. 
(Calibration in this way 
in a reading of around 75% 
and good mixes respectively). 
generally results 
and 30% for poor 
This calibration must be re-established before 
each measuring session or whenever the system 
is disturbed. 
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Standard (A) should be kept dust free and 
scratched areas (visible on the monitor) must 
be avoided. In order to prevent stray light 
entering the system, measurement 
taken well clear of the edges. 
5. Sample Preparation 
should be 
A piece of rubber (vulcanised or unvulcanised) 
of thickness 3-6mm, is cut with a new degreased 
razor blade fixed in the special cutter (B). The 
cut surface free from scratches and dust is clamped 
horizontally in the sample holder (C) and placed 
on the microscope stage instead of the Standard 
ready for examination. 
6. Taking Measurements 
The cut surface is viewed on the monitor screen 
and a representative position, unsmeared and free 
from dust, 
selected. 
blade marks, holes and 
The whole field of view 
scratches is 
must be well 
focused and evenly illuminated. Areas close to 
the edges of the specimen and to bright spots should 
be avoided. 
To take a photometric reading, a push rod on the 
mic roscope head (16) is pushed. The measured 
portion is darkened on the screen, when measurement 
is being taken. A reading is made from the scale 
(12) on the photometry unit and recorded. At 
least four different areas per sample should be 
selected and the average of the measurements report-
ed. 
7. Significance of the Result 
it is necessary to For any particular compound 
establish, by an independent method, the 
to 
range 
product of photometric readings 
acceptability or rejection. 
corresponding 
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The presence of low levels of additives other than 
c·arbon in the rubber will not significantly modify 
the results. It has been established, however, 
that different Blacks or different loadings of 
the same Black will give significantly different 
results for the same degree of dispersion. 
For work involving only a comparision of dispersion 
no independent method is necessary and it should 
be remembered that an increased degree of dispersion 
gives a lower photometer output. 
8. Using the Micro-Computer 
As mentioned earlier, this instrument may also 
be used with a micro-computer. The micro is simply 
connected to aT. V. camera output (I 7) and under 
programme control it scans the sample image and 
prints 
may be 
out resul ts. Further details on this option 
obtained on request. 
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APPENDIX B (i) 
VERSION III PROGRAMME 
;'. REt1 ******+*UER::;IOt·J I I j PROGRRt1* .. *++'" 
5 L.Ot1Et·i: ,~4575 
10 DIM R(10).B(10).Ml(10).M0(10).H2(10).MO(10) 
12 DUi TZ( 4IX,::-
j:5 CC ~, 4:3331: PC = 4:~330: PS = 48328: PR = 4:3328 
2(1 KY = - 1 E;384 : ~(::: = - 183E.:7;: F: 1 = ~71 ~ j=;:c~ :: (1 
22 S = 0:01 = CHR$ (4):QI = CHR$ (17) 
~~~5 TEI~T: HOt1F-: 
30 lnAB (1): HTR8 (8): PRH1T "DJ";P!"RSION ANAL'r'SIS PROI3RRH" 
35 ~JTRE: (2): HIRE: (E: >: PRHlT "PHOT0t1ETER-Cot·iPUTEF: STRGE" 
40 (..ITRE: (3): HTR8 (L~): PF;UlT "COHT~:Ol. UERSICIt-l" 
45 I')TRE: (4 >: HIRE: <12: >: PF:JHT " .......................... " 
50 ~JTRE: (:3): HTRB (4): PRIm "THE S'r'SlHi IS t·jEt~U DRIl.JEN. sn,:" 
55 lJTRE: (Hn: HTR8 (4): PF:INT "OPTIDt·jS RF:E PF:OlJIDED .. 8~' SELECTING THE" 
8~, ~ITHB (12): HIR8 (4): PRItH "HODE ','OU REQUIRE. THE PROGRRM kHLL" 
85 VTRB (14): HTAB (4): PR I m "PROMF'T 'r'OU TO EtHER THE ~JECESSAF:'r''' 
70 VTRB (18): HIRB (4): PRINT "DEHIILS THE}J DO THE At~RL'6IS." 
::,i\:.1 l)TRB (2(1): PRItH "PRESS !=INY kH' TO CCltJTINUE": GET RI 
WIZ' GOTO i 000 
110 HO~iE: REM RUTO F:Utj 
112 RI = 0:R2 = 0 
115 FOR H = I TO 10 
120 21 = un '.: 4 '" Rt·m (1::0 + 1) 
130 Z2 = INT (2 * RND (1) + 1) 
140 Z3 = !HT (2 + Rt~D (1) + I) 
150 24 = INT (2 '" RND (1) + 1) 
,:::20 IF 24 = 1 THEN 250 
230 RCH) = ZI:B(H) = 1 
240 130TO 280 
250 BOD = 2 i : !=Inn = 1 
260 IF 22 = 1 THEN Ml(H) = 96:H0(H) = 32 
270 IF .22 = 2 THEN Ml(H) = 114:H0CH) = 40 
2:30 IF 23 = I THEt·l ti20n = 66: ti0( H) = 2 
280 IF 23 = ,:: THEl t·i2( H:) = 10:7: t·wc 1'4) - ::: 
330 PRINT 21.22.23.24 
34(1 PF:ItH 
~:50 PF: UlT RC H ); " 
..................... ~ ...... ~ 
355 FF:HH 
~;t.0 P~: HJT 
365 PRINT 
:S80 INPUT 
4.30 I t·1PUT 
405 Hot·iE 
Ml(H).M0(H).M2(H).MO(H) 
: tiE)<T 
"DRTR FILE t·JRt1E ";F$ 
U EtHER SPEED CODE (1 .... ;:::0~) ) U ; :,:; 
410 RE~j ST. MOTOR DRIUER 
415 POKE CC.146: POKE PC.25~; 
420 FOR H = 1 TO 10 
425 t~R = [1 
44(1 FOF: I = 1 TO 5(1 
850 GOSU8 45~X1 
680 FOR ~J = I TO R( H) 
E::j(1 POKE PC. t·jt( kJ ) 
700 FOR T = (I TO s: NE~:T 
710 POKE PC.M0(H) 
712 IF M(I(H) = 32 THEN RI 
715 IF M0e H) = 4(1 THEt~ F:l 
716 lJTHB (16): HTRB (12): 
= RI + 1 
= RI - 1 
PRIm " " 
-" ...... 
7t7 UT~8 (18j: HTA8 (~~j: PRTr~'~ ;:': 
;,. ;~C1 tii:);T 
730 FOR N = 1 TO 8(N) 
740 POKE PC~ti2(~~ 
7~0 FOR T = 0 TO S: NE~T 
780 PO~E PC~MO(~~ 
782 iF HO(~) = 2 THEN R2 = R2 + ! 
?~.4 IF tjO': ~1::' ~ ::: THEt-j ~:? = ~2 -- 1 
~'~5 i)T~8 (1S): HTR8 (12): PRINT 11 
(,E,t; I.)THF.: (U::): I-iT~E; < :i.?>: F'F(ir·:""j" f,:? 
-1:-?~1 r'~E>::T 
7:::':1 t'~E>;T 
i" ~i.s pr:;' 1 HT 11 J[: PEr·i E:ELL 
t;~=1~~1 ~·~t.:;.::T 
::,~j5 F't=:: I r'~T If 11 ~ p~: I t'~T 11 Ii 
::;~:~) GO~:;UE;"::' ~-:'~)~J 
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:':'~:H=! I.) THE:; (20): F'RIt'~T I;TE;"~ ::;CHr'f:; CtOHE II 
::1 t (j l.JTHE: (;;:~2'> ~ p~: H'~T 11 Pr:E::,~; ~r·~lTI f:::ES 11: GF."! Hi: 
i,(ITO i ~:1~3~3 
HOME : REM MENU 
" 
::i~i~=1 
10~X' 
,810 
1(120 
.i ~~12;~') 
i040 
1 ~'~::ili 
10E.0 
107(1 
1 ~:i:':;~71 
I t1::I~.:1 
1. j O~~l 
: j hi 
I..ITHE: (j .): HTH8 0:: :0: >: P;;: FlT "D jSPEPS I ot~ Ht'IH'--'~::: 1:3 
I')T.:J8 (2:!: HTHE: 0:::::): F'F: J t-n "F'HOTOI-iETEF:-COt·ipUTEF: 
I.) THE: (;3): HTHE: (12): ~'RltH "CCltH;;:OL :')EF:~::WW 
I)TRE: (4): HTRE: (J?): ~'Eltn' " .. - ••••• , .•.• ,." 
HTHE: '.4): I')THE: '.: :::): PF:itH H',:>::LECT r·iODE" 
HTRB 0; i): l)THE: ': W): F'F:Hri H,. j '.' ~:ET UP" 
HT~8 (7): UTAB (12): PRINT 11(2) ~UTO RUN " 
HTHE: '-."'!: I.)THE: ... 14): F'F~;tH "0; 2:) PE RUt-," 
HTRF.: ... ?): I')TRE: '.: 1 t. ): PF: HH ""'.1:0 PR ItH F:E:::UL T:::" 
HTHE: < 'r'): I')THE: (it. >: F'F:H'4T "( 5) :~;~t·iF'LE ~::;C.l·:'}_~ll 
HTHE: o;?): ()THE: '.:20): PF:HlT "(t:> TO ~::TOP" 
.i L~;~=I i:t""i='UT ,: r·iCiDE ~·~O. 11 ,;F 
1140 IF F = THEN 1500 
ie 5ti : F' F = ,~ TH;:Jl 1.l0 
1160 iF F - ~ THEN 2000 
; ~70 iF F = 4 THEt~ 2500 
.~_ 1. :,:(1 j F F = 5 THEt·j 3000 
i :t :j~:1 1 F F = E: THEt'l 35(010 
i;~O~:' 1301"0 lOW 
.t j00 ~;Et'1 :;ET UP 
13~)5 POKE CC ~ 146: POKE PC ~ c:~,5 
t ::'1 ~) HOt·iE 
i515 RI = 0:R2 = 0 
.i ,:)2~) HTHt:'" 14): 1)1"H8 .: i): PF:It-1T "~';TH(',E ~3ET UP" 
1530 HTHt: ... 14): (HHE: 0:: 2:0: P~~IHT " .•• , •••••• ,." 
1540 HTHB (I:::>: UTH8 (4): PRINT "Y A" 
1560 FOR I = j TO 8 
i.5?(1 ri1H8';: 2(1): I')THE: (4 + I): F'Fnr'~T I'! 11 
.l~5::;~~' r1E~<T 
.l:5:jJ.) HT~E: (L,::): I)THE: (F.:): P~:H'~T 1114< ______________ »·:1. 
1 E.OO HTRE: '.:.l '0: ): I)THE: (J;~'): F'~: HiT ,,~, 'r''' 
iG10 ~RINT: PRINT; PRiNT 
i Eoc:O PR HiT "PF:E~:'::' L.ETTFF: TO t101')E" 
i i33~) t'F: j t-lT 
,[640 PR 1t-lT "F';;:ESS C TO corn HlIJiO" 
1 ('(1(1 60SUE: 421 (1: F:Er·j KET' E:OH~:D 
i ?10 ":'eWE f<S,(1 
1726 IF KB = 195 THEN 100€1 
PF:CIl3F:HH" 
::;THGE Oi 
:730 ,F K8 = 193 THEN 1810 
1(40 j F KE: = 184 THEt-l i :::3') 
1750 I~ KS = 218 THEN 1850 
i760 IF KE: = 217 THEN 1870 
[770 GOT(I 151~j 
i ::: i 'C' .::2 = 2,3(1: GOSUE: 40 j(j 
1;~;2~) (lOTO 1510 
1830 KI = 200: GOSUE: 4060 
i B4~1 I~CITO 151 [1 
1 ::;50 ~~::::: = 2~)(1! GO!:;UE: 4 i .i. tJ 
]:,::10,(1 ,':'OTO 15h) 
1870 Kt = 200: GOSU8 4170 
li3;:;~~1 i;OTO 1510 
- 2000 HO'-1E: FLPSH 
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;~010 HTPS (15): I)TPB <:4): PF:ItH "RE-T~:HCW03" 
,:::~j2~~'! r·KIj=;:t·l~l. 
;:::'2:.) ~R[rH PF:Itrr 
2110 iF Ri < 0 THEN 2210 
,:~.i ~:J.) ): F F: 1 :> ~:::1 THEr-~ 22E.(1 
2130 IF R2 < 3 THEN 2310 
;:: i 4,)( F R2 ,,- I;) THEt-j ,~36f:t 
c: 1 :;~) ~~OTO 4~O 
2210 Kl = ~8S (Ri) 
2220 GOSUB 4170 
22?:i ~:.t :: f:1 
,?;::.:.:'~i) I~:'OTO 2 i 3C: 
~~;~t,~) k:.1 = F: 1 
227~ GOSU8 4086 
,2;~7:) F:: i = 0 
2~:';:;~=1 I~OTO 2 i 30 
~310 K2:: ABS (R2) 
2320 I3Co::,UE: 411 (, 
2325 R2 = 13 
2330 130TO 420 
.. :.,)r:;~.:.1 k2 = R2 
237,', 130::;UB 4(11 (1 
~::3(":) F:.~~ = (1 
;;:':j80 GOTO 420 
~580 ST = 0:8Z :: 0:0 = 0:X ; 0:SU = 0 
25]0 REM DHTR PROCESSING 
,::'520 HOt1E: TE/n : S = 16384 
;:::53~J FOF: I = 1 TO 25~:1: POKE (::; .... 1:;',0 
2332 ~·~t:::<T 
2540 ~TR8 8: PRINT 
2550 HlF'UT" H4:::;ERT DRTH DISC-hEt-jTER F I LE ;-lHHE "; Ft 
25,,;0 F'F: HIT D$," OPEt,j "; F.i; 
"'57(1 ~'~; I NT [,$," F:EHD" ; Ft 
~:5:::ij H-WUT t-jR 
2590 FOR I = 1 TO NR 
(~E,(lC1 I ~'~F'UT Z 
281 ~:1 :::1' = ST + 2: ~' .. 2: :=;2 = SZ + Z: Z::; HE:::; (;:.): D = 1 t,n (z:.. 
c:t.l ~5 Pf..; I r'~T ::.f 
2320 % = PEEK (8 + Dj ~ 1: POKE S + O,X 
2630 IF I = 1 THEN L = Z:U = Z: GOTO 2880 
2840 iF Z < = L THEN L = Z 
2850 IF Z j = U THEN U = Z 
,::.C;~:.~~1 !~E:;<T 
;~c,70 ::.1,.1 = (::.T 
:·~E,;:;~~l PF: [h T D~~ # ,j CL 0::;:. t' ,; ; r- J:. 
2~80 US = INT (U):LS = i~~T (L~ 
2:7':"" FOE I = L::, TO U:,:, 
2710 Z ~ PEEK (8 + I) 
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;~;' 20 I F I = L~, THEtl tiF = Z: F' = L::,: ':;':'TO ,~?40 
2730 IF Z) = HF THEN M~ = 2:P = . 
~::(~.3 t~c>:T 
f~(~5~:1 J F t·1F:> = l50 T~Et·~ r,i = l: (,'~(TO ?77~) 
2?t)~1 H:: I r·iT (l5~=1 .... i·'iF ",i 
;,:{ f'cl "'F:ii 1. 
2?;:;~j PF; I t~T 11 _______________________________________________ • ___ 11 
.:~7:jO F'F: H'~T : pj:;; t hT ;: :::.~r .. ;t:'LE 1 !~l. I, .~ r;:~ 
c:b,X' t"R ItH ,,----------
2810 F'RINT F'RINT "MERN PE= ":S~. HR 
:~,:::2,j ,c'F:HH F'R on "STD. DEI.). = "; ::,C'R (::,i.J.:o 
2t:3", F'IU t·jT F'F: It.JT "i-iP>O: F'~:= "; i.I 
~S40 F'RINT F'RINT "HIM F'R= "ii 
2::;50 Fj=;:It·ff F'~:H~T lIF'EHr</F~:E= 1I .;F·.~:I/·, .;r·i;~ 
2860 PRINT PRINT 
2::;70 F'~:# (1 
,~E:7'j H!:,~iE: I)THB 4: ?R IrH "." 
a:;;::,,1 HTRE: E:: p~: I t·rT' "j tHEt'l:=, I T'T' F~:EOUF;'·:':.'r' ,. 
28.30 r',)R I = L::; TO U::; 
2885 HTRB 11: PRINT Ii TRBt 20); PEEK (8 + I) 
,::":ji~:j ~'F~ir'~T ~ F~:Jr·~T 
~:::jl5 It'~F'UT 1l::,CHTTE~:C!l:'F;HH < ;Tl/'r~:" Ii ;PL 
~.:j2~::f i: F:' H.f. = 11 t-i 11 THEt-~ 2::':::(1 
2925 HO~E: HGR : HCOLOR= ( 
~830 FOR I == LS TO US 
,:'::::'2;5 ~..;::: F-EEK';: ::. + I::': i"i =: PEE).: I.' :-~, T .1. 1" j.-l 
:~::~~O U= H:> =~. 5(1 THF.:r-~ ~-~ == i ~5(1 
2845 IF I.) > = 150 THEN U = 150 
,::j5fl _ HPLOT 1 ... 158 - ,-1 *" ~.~ TO I + 1 ~ i -=;8 - r-1 * I.) 
~:j~)~,:) r·~t ;:{T 
.:.SS0 HPl.OT 0 ... 0 TO 0~158: HP LOT TO 254 ... 158 
2:j65 l.fIRE: ~~2: P~:HH ":3Rt·iF-LE: W. "~.": 
::870 n'WUT "HRRD COP''> 7 '.: 'T'/N)" ;Rt 
2:~75 I F Hi: = IIITlU THEt·J 2::t::=t~:1 
,:::k(' ItlPUT" RNOTHER F I LE ('i /t·n " i Rt 
2.8::;5 I F Ht = u ITIII THEr·~ 25~:1(1 
2587 TEXT: HOME 
28ti:j 
;,:880 
,,8::'2 
;2:3S4 
:::'::):3r:. 
2:3:37 
;2:j:~;:: 
30(H) 
:;005 
3(1 i (1 
;:'~)2(1 
~r13~:::1 
~~_:j4ll 
305~:::1 
3 t1 t, (1 
::'E17~~ 
130TO 2:j:OIE: 
F'R~ 1 
F'OKE - 12531.20: POKE 
F'~: H-n Cl;!: 
F"~:# t' 
60TO 2:j:::f1 
"OTO 1010 
RHi SAt1PLE :::CHt'i t10[)[,: 
HOME :Rl = 0:R2 = 0:N = 0 
i-iTAB (14): UTRE: 0: 1): PF:HiT 
HTR8 (14): iHRB (2): F'RINT 
11 ~:;Ht'iF'LE ~~;C~H 11 
n 11 
........... 
HTH8 (::: >: I')THE: I: t.): f:-i:;;It-n- 'I."" •• ft •••• W • ft. '" ••••••• !I 
FOR I = 1 TO 4 
HTHB (32): I.)THB (I + 6): F'RINT 
:·~E;:'·:T 
riTRB (8): UTRB (10): F'~: ItH u •••••••••••••••••••••••• 
I.) '"HE; (L~) ~ PF(i ['4'"1" I; il 
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~;:~~i;::5 ~~ t~: I r'''{ 
~;:·:i.~O " rlF'UT "F:t~[tT j·413 HiTERu4L ", F: I 
3i~:'~; ~"b;li"~-! 
.~;.~ .i.~~1 :;'r-4t'UT ';t~Ut'1~:ER OF ::;CHt'~::1 11 ;;rt::; 
-:;:i l:; :-f; ! H : 
.:'.J':::~':'I '~f'4i="-iT IlE[lIT('{.~l~> ... 11 ;EJ 
.:,.l..:',~J T F El- = tilT' d THEt·~ 30~j~; 
~,,~00 ::., " :::,1_ .... 2.5:~;I = ~:1 .... 2.5::3~l = ::::f·j .... 2.5:TR = :;,L / F:I 
~210 POKE CC~i46: PO~E F'C.~247 
~::~~ t:3 f~:t}i *~**-(-***~**r~:I:-
::'2 i t, ItWUT" [lHT~ F Il_E ,lHtiE " ; H 
32i~ riOHE :NR = 0: UTAB (8): PRINT "FOCUS M/SCOPE" 
2:2j ;::: FF':Hn" ":::,f·H TCH Oil ::. :::,ET com~:(i!_ F~i·~t:I_": F'F: HlT : F'F: HlT 
i..j;-;:'·I kE>r' HH~r'~ ~;EHD:Trll: i;rET 141 
3220 M~ = ~14:HL = 40 
.~~~~ IF N = NS THEN 3400 
.::;24~j r·ji-i = t:?: r-IL = 2~ 
3245 GGSU8 3280 
:::;~5~) f1:l = ::=tE.: r·tl = 3c~ 
325~~; I::'O~:,UE; 33;~~(1 
32~0 IF N = NS THEN 3400 
3285 Mri = 8~':ML = 3 
327~ GOSUB 3280 
32·~5 !.;(ITO 322~~1 
::;~-:--'~.. ;~Et·i ~**"**~********+.*******" 
l~~U FOR G = j 10 sw 
.! •• ::;:".:.) ~<)t:.E PC, t·iii 
~~~u POKE PC,ML 
:S2:~5 ~:.2 ::.;; ~:2 - 1 
33(1~~1 r·~t:>;T 
Ti':15 r:EIU~:~j 
::;3,~::~:1 r-~ == f'~ + 1 
.-':;325 j"':.p I f·rr 11 I; 
:::::::::::0 ~.t:tl F:EHD DHTH 
.".j~,:, '-,'):::U8 45(nj 
::::34.) FOF,. I = i TO TF: 
3345 ~OR 13 = 1 TO RI 
.::::::Sij PO~~E PC, t·jH 
~;;355 ~(It'.:E PC-, t1L 
33;:;0 IF t·iL = *) THEN RI = ~:1 t 
33e2 IF t'lL = :32 THEll F: i - F: i + 1 
~~;]t.5 (4E;:··:r 
::::::::7.) F:Hi RE4D [14TH 
3375 1 .. :;I)~:;U8 .... 500 
3400 130SUB 4700 
3405 K2 = ~8S (R2) 
3410 GOSUB 4110 
3415 IF RI = 0 THEN 3430 
3420 ki = ~8S (R1) 
3:~25 GOSUB 4170 
~~'n~! c'F: I rH 
.;'~,,-:'.::: i-.-r:# i 
3~34 PRINT PRINT PRINT FS 
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3436 PRINT SL + 2.5.Rl * 2.5~S~~ ~ 2.5.NS 
~;·f3;:; ;:'K# "=1 
,-Hll UlPUT" F:E-SCHN ': '~/tj) " ;E$ 
34'30 1 F E~; = '"T''' THEt·j t·j :0 0: I~(ITO 321':; 
:;·+t.O ijOTO 1 (u:nj 
::;5i:)~;1 HCtt·iE 
~>j [.,1 I-tTH8': 1:3): I..JTH8 (iD): PF:IiiT ";.-END;.-" 
:::tlCl~~1 ii'~D 
.,ij[,', h;dt·fj "t-i2 •••••••.•••••• C(.f·E" 
4~j5 FOR i : i TO K2 
:+D:::~) r:.'IJ}~:E F'G, 67 
'f~:125 FOh:E PC .. :3 
c~~j2:~=1 r'~Ei~~T 
4,,:r~,~; ;:;.t:TU~;t·~ 
40tl~1 r'F: It'4T I1 t·l1 •••••••••••••• CC~.i::,:i 
4~70 FOR I = 1 TO Kl 
4080 ~OKE PC,i14 
4880 POKE PC.48 
+~J.~,~ f'~E~:T 
41 ~:i~~1 ~;ETUF;t,~ 
:~.i :i.~) r=·Fnt.f, "H2 •••••••••••••••• C~·~~::lt 
~115 F()P i = i TO ~(2 
'j- l ;~.;~j ,: Clt::.E F'C .. E,E; 
41 ~::5 F'Oi:.:E PC: .. ;2 
·~.i.:;O ;·~t:::·:;T 
ci 1 :~.:~ ~:f:TUF.r" 
4.l7(l ":r;!t'~T l'r'H ••• ~ ••••••••• .'.CJ6" 
~;75 FO~ I = 1 70 ~l 
'~i81) ~OKE PC .. 95 
-4.1 ::,~; POt:::E PC ~ ~32 
·i· i :~~) r-.!E><T 
..; 1 :;:)'3 r;,ElURi·i 
4: u:' ~:tJi fET' 80HRO 
4228 KB:o PEEK (KY) 
.,;~::;~) [F k:B :> i 82 THEN F:ETUR~l 
4c:4(1 
·~4::ID 
4500 
,.v:;~):3 
'~:J i f:'1 
60TO 4220 
REM OHTH QCQUISITION 
t·.F: :0 t·iF; + 1 
FOR PZ = 1 TO 200: NEXT 
X = PEEk: ':PH):U:o PEEK (P8):Y :0 
IT: > ":':" It,) .... "i.~:·1 
~52~ 01 ~ I~T (U / 64) 
'f~,2;i) iF 1.,.11 :0 1 THEH .:. '" - 1: l...i •.• I) _. '.:": 
~5'f0 iF 1.,.11 = 0 THEN K = 
J550 02 ~ INT (U / 32) 
*~;0 IF 1.,.12 ~ 1 THEN U = U - 32 
~570 E = INT·(0 /. lB)~~ = i0 + F + (0 ~ 15 - E) ~ l~ 
,~~):::~.) I~:!. :: K * I.: H) -:'7 ~.~ + L >: T;;:X t·i~; > = 1:)1 
,;.j.~~i:j~·~ F;E-iUF-;~·~ 
'~;',XI S:Et'l ClFHl DHTH FIi_E 
4710 PRINT Ds."OPEN";FS 
·;;'2>3 F'RItH [lj,:. "HF:ITE" ;F:lo 
ci7<:~', PHHiT t·.~: 
Ct::2:~) i:~·(tR I = i -,-0 t'~R 
ci740 PRINT TZ(I): NEXT 
~;'::,;3 r'~:ItH lI:f.. "CLOSE" ;F$ 
4?~;,:, F:ETCi~;t; 
+ t ' .•• ' 
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APPENDIX B (ii) 
VERSION III RESULTS PRINT OUT (NR-milled samples) 
MERN PR- -74.885248 
STO.OEU.= 13.3458712: 
~~X PR: 123.7 
tHN F'F:= 49.4 
I tHEN::: I T'T' 
4:3 
50 
51 
53 
5::: I 
84 
71 
74 
~. (b 
77 
FF:EOUEtK'T' 
1 
o 
4 
(1 
(I 
(1 
c· 
_"L 
c· 
.... 
o· 
c' 
•. , 
.:. 
]0 
7 
., 
'.' 
lt1 
P 
11 
., 
',.' 
.:. 
'.' 
4 
E: 
F 
.' 
3 
" , •• L 
E: 
1 
4 
E: 
" 
i , 
1 
\ 
i 
1 
I 
I 
I 
I 
1 
I 
, 
L 
:jO 
:"11 
:j2 
:j::?, 
:::'4 
::i::_1 
;j~, 
:~7 
:'01::: 
:j:~ 
l00 
i 01 
1(12 
W.:: 
1 ~)4 
1 (15 
i 010': 
i07 
10:? 
i ~-::I:::' 
1 U::1 
.ll j 
1 L~ 
ii.7-
:i 14 
"i. 1 ~:i 
~ It, 
117 
i 1::: 
11:3 
1211 
121 
i22 
123 
I 
~i 
, [I 
i I i n 
. ~i 1111. 
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1 
.-, 
.... 
j 
I~ll' I~IJ I ~ 
ninl, j l lill.Ll ___ _ 
---
SQHPLE 10. CZl5 
STD.DEW.= 8.47224527 
rH H PH= 410; 
I t-nE~jS I 1'r' 
4'::; 
4? 
4::; 
4:j 
5(1 
51 
83 
"',8 
E;7" 
7"~, 
I,:..,. 
77 I·.' 
74 
75 
,-, -. 
';::',':. 
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FHEOUEt-JC'> 
-: 
,-' 
1-0: 
~ .-, 
I. ,~-_ 
'i '-.' 
I.e,. 
12 
,in 
I:::; 
4 
c-
' ... ' 
-" 
.. ~. 
,--
--' 
0= 
--' 
,." 
-.' 
;:: 
., 
--' 
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.1. 
2 
(: 
(1 
t; 
~~~N PR= 42.9820087 
STD.DEU.= S.51519P3R 
I tHEt·l::. I T'r' 
31 
.::. (' 
40 
'4 r' 
27-3 
FREOUEtlC'T' 
2;. 
18 
·-,e;" 
.;:. ••. 1 
1 1. 
7' 
{' 
:~:: 
7' 
1 
,( 
j 
i 
,-
~E~N PR= 40.9718738 
STD.DEU.= 4.21501459 
t,m~ 
i 
p~:= 
p~:= 
I t,nD'~::: IT',' 
~ 
~I 
~\ 
~I i'  : 
~ 1 
\ i 
,~ I 
i I 
i I j 
lA , 
\q 
1..-'---
1\1 
L 
274 
I c'" 
.•. .:.' 
~.' .") 
:.'.! 
i -} 
J.' .• ' 
::': 
,,' 
,", 
I 
!b 
S~tiPl~ ID. C237 
MERN PR= 38.3723141 
STD.DEW.= 3.11113958 
t·m, F'F:=· 3~:: 
I 
i 
I 
! 
I 
! 
\ 
\ 
j 
I 
L 
I HTEt·l:,; I 1',' 
7'::' 
'-"._' 
47 
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FF:EI)UEt~C'''' 
7 
1;' 
31 
.::, 
1 
S~HPLE ID. CZ45R 
STO.OEU.= 3.82003387 
t·1 Hl PH= 2::: 
PEHIVFRE= 33/38 
I 
i 
i 
I 
\ 
i 
I 
I 
I 
I 
I im::t·JS I T'r' 
'-" 
,":.: 
' .. "-' 
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FF:EOl.iE~lC·~ 
1 
::: 
:i (1 
--:':: . 
. "-' 
'-:;.:.:. 
'-" . .' 
t .:~ 
t': 
.2 
~I 
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APPENDIX C 
ANALYSIS OF VARIANCE - GESTAT PROGRAMME 
JOB Z4091Jl, EUNXX, CP76 (P3000,TD10,SP) 
LIBRARY (PROCLIB) 
GENSTAT. 
'REFERENCE' POLYMERS 
'UNITS' $ 50 
'NAMES' S = B,C 
B = Kl 
'FACTOR' SERIES $ S 
" BATCH $ B 
" SAMPLE $ 10 
" REPLIC $ 5 
'GENERATE' BATCH, SAMPLE,REPLIC 
'READ/P' 01 
'PRINT/P' 01, REPLIC, SAMPLE, BATCH 
'TREATMENT' BATCH + BATCH, SAMPLE + REPLIC. 
'ANOVA' 01 
'RUN' 
data .... 
'EDD' 
'CLOSE' 
'STOP' 
SAMPLE. BATCH 
C 
C 
C 
C 
C 
10 
15 
25 
50 
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APPENDIX D 
COMPUTER PROGRAMME FOR PLOTTING CONTOURS 
program contour 
character yes/no 
integer ititle (30) 
dimension a(lO), b(6) 
common/bl/b 
external resp 
enter axis limits 
print*, 'please enter xl,x2,yl,y2' 
read (*,*) xl,x2,yl,y2 
enter poly. coefficients 
print*, 'please enter a(i). i = 1(1)10' 
print*, 'one value per line' 
do 10 i = 1,10 
read (*,*) a(i) 
print*, 'please enter plotter device code' 
print *, 'the codes are:' 
print*, 'TEKTRONIX = l' 
print*, 'CALCOMP = 2' 
print*, 'SIGMA-COLOUR = 3' 
read ( * , * ) i plot 
if (i plot. Lt. 1 or i plot gt. 3 ) 
if ( i plot eq. 1) call t4010 
if ( i plot eq. 2 ) call clo51n 
if ( i plot eq. 3 ) call s5660 
call windoN ( 2 ) 
call errmax ( 30 ) 
write (*,50) 
format ('VAR No. = ••. LEV = ••. ') 
read (*,*) ix, ivx 
go to 15 
print*, 'enter title for current plot' 
read (*, '(30a4)') i title 
n words = 30 
n form = 4 
j = ix/3 
30 
40 
c 
279 
k = ix/2 
bIll = all) + a(ix+l)*ivx + a(ix+4)*ivx*ivx 
b ( 2 ) = a(4-j) + a(a+k)*ivx 
b( 4) = a(6-k) 
b ( 5 ) = a(7-j) 
b ( 6 ) = a(ll-ix) 
do 30 i = 1,6 
write ( * ,40 ) b(i) 
format (lx, 6 (f9.4/)) 
if (i plot eq. 1) then 
print*, 'press carriage return to continue' 
read (*,*) 
end if 
if (i plot eq. 1) call piccle 
call title (n form, n words, i title) 
call funcon (xl,x2,yl,y2,resp,10,1) 
if (i plot eq. 1) read (*,*) 
if (i plot eq. 1) call move to 2 (0.0,0.0) 
call piccle 
print*, 'do you wish to loop? (y/n)' 
read (*, '(a)') yes/no 
if (yes/no eq. 'y' or yes/no eq. 'y') go to 25 
call devend 
stop 
end 
function resp (x,y) 
dimension b(6) 
common/bl/b 
resp = bIll + b(2)*x + b(3)*y + b(4)*x*x 
& + b(5)*y*y + b(6)*x*y 
return 
end 
(f) 
(}) 
> 
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:J 
U 
~ 
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APPENDIX E 
FLOW AND STRESS RELAXATION CURVES 
-0 
'61 r<)! C . ' 0 0' 
ID c c ~I (J) c si ID :J '- '-. 
-.J 1:1 ... :J Y 
'1"' 
0 
c 
c 
:J 
'-
C2'I 
o 
Q) 
...... 
o 
L 
- L 
·0 
Q) 
.!: 
VI 
r-o-"-".-.---r---.-----.-------,----------~~ 
o 0 0 
o 0 
o 
SS9 ... QS ..J094S 
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(/) 
Q) 
> 
L 
:J 
U 
3: 
0 
'+-
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, \ , , \ 
" \ 
\ \ 
, , 
<01 ~: co' 
o 0 1 0 
C Cl C Cl C C 
:l ::l ::l 
'- L.. L.. 
x [J [2'] 
" \ '~~ 
\' ~ 
0 
(lJ 
-+-
0 
L 
_ L 
0 
(lJ 
..c 
VI 
V1 
Q) 
> ~ 
::J 
U 
~ 
0 
"+-
o 
o 
o 
-
o 
o 
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SS8J~S J084S 
\J m 
C 0 
Q) c 
(J) c 
Q) :J 
'-
---l 
<I 
, , 
~I -, s::!' -;, 0' 0 
c ~I c 21 c :J '-
X II [>'1 
0 
0 
_0 
(lJ 
--0 L 
L 
0 
(lJ 
..s:: 
Vl 
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,<,) ~I 1.0 """0 Ul ' f'-' -, C 0 0' 0 0 Q) C c ~I c c (J) c ~I c c (]) Cl Cl :J :J 
'- '- '- '- '-
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'" 
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"< 
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~ 
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'" 
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o 
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284 
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o 
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